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Foreword for International Consortium on Landslides

More than 200 million people are affected every year by natural hazards, and the impact

is deepening—especially in developing countries, where they can set back healthy

growth for years. Globally, an estimated one trillion United States dollars have been

lost in the last decade alone.

We may not be able to stop disasters, but we can reduce their risks and their

consequences. Mitigating the effects of natural hazards requires education, training,

and capacity building at all levels. Fundamentally, it calls for new thinking—to move

from reaction after disasters to action before.

Landslides are important in this regard, given the tragic loss of life and the economic

disruption they cause. More than ever, we need to address landslides in ways that are

integrated and coordinated internationally. This is the goal guiding the International

Consortium on Landslides and its International Programme on Landslides, focusing on

research, education, and capacity building in landslide risk reduction, working with

international, governmental, and non-governmental actors.

Associated with the International Consortium on Landslides, UNESCO has

accompanied the International Programme on Landslides from its inception, as an

innovative initiative for cooperative research and capacity building in landslide risk

mitigation. In the same spirit, UNESCO and Kyoto University established a University

Twinning and Networking Cooperation Programme on landslide risk mitigation for

society and the environment in March 2003, in order to deepen cooperation in this vital

area.

This publication is an essential tool for both organizations and individuals to deepen

understanding of landslide phenomena and to reduce their risks. Drawing on latest

scientific developments, this volume presents a range of initiatives under way across the

world and puts forward recommendations on risk mitigation. At a time when the

consequences of climate change are deepening, this work provides a benchmark

reference to strengthen the resilience of societies under pressure. I wish to thank all

participants in the International Consortium on Landslides and all involved in this

important work. Let me highlight especially Professor Kyoji Sassa, Chairperson of the
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Consortium, for his tireless efforts. In this spirit, I look forward to further strengthening

UNESCO’s cooperation with the International Consortium on Landslides.

Ms. Irina Bokova

Director-General of UNESCO

vi Foreword for International Consortium on Landslides



Foreword

Landslide, floods, drought, wildfire, storms, tsunami, earthquakes, and other types of natural

hazards are increasingly affecting the world. For the first time in history the world has

experienced 3 consecutive years (2010–2012) where annual economic losses have exceeded

$100 billion due to an enormous increase in exposure of industrial assets and private property

to extreme disaster events. During the period of 2000–2012, 2.9 billion people were affected

by disasters, economic damage is equivalent of USD 1.7 trillion, and 1.2 million people were

killed by disasters.1

The Global Assessment Report (GAR), a regular publication by the United Nations on

disaster risk levels, trends, and analysis of the underlying causes, found that most of the small-

scale recurrent disasters such as landslides are not effectively accounted for by authorities. The

same report also found that while landslides and other recurrent natural hazards are responsi-

ble for only a small proportion of global disaster mortality, they account for a very significant

proportion of damage to public assets, such as health and educational facilities and infrastruc-

ture, as well as to the livelihoods, houses, and assets of low-income groups.

Extensive risk associated with localized, mainly weather-related hazards with short return

periods. These highly localized yet frequent hazards include surface water and flash flooding,

landslides, fires, and both agricultural and hydrological drought. They are exacerbated by

badly managed urban development, environment degradation, and poverty.2

The Hyogo Framework for Action 2005–2015: Building the Resilience of Nations and
Communities to Disasters (HFA), adopted at the 2ndWorld Conference on Disaster Reduction

(WCDR, Kobe, Hyogo, Japan, in January 2005), represents the most comprehensive action-

oriented policy guidance in universal understanding of disasters induced by vulnerability to

natural hazards and reflects a solid commitment to implementation of an effective disaster

reduction agenda. In order to ensure effective implementation of HFA at all levels, tangible

and coordinated activities must be carried out. Since 2005, we have seen many activities and

initiatives developed to implement HFA in various areas. As a concrete activity in the area of

landslide risk reduction, the International Programme on Landslides has maintained the

momentum created in 2005 through organizing the two World Landslide Forums in 2008 in

Tokyo and in 2011 in Rome, being led by the International Consortium on Landslides. It is my

great pleasure to see the valuable development for the last 8 years.

There is a growing evidence of the need for a strong science basis to understand the causes

and impacts of landslides as well as the most effective measures to reduce landslide risk. This

book includes a number of substantive articles on landslide risk reduction. Applying science

into practice is one of the key words for the global endeavour. I expect this book as well as the

Third World Landslide Forum to make a substantive contribution for that purpose in the area

1Disasters refers to drought, earthquake (seismic activity), epidemic, extreme temperature, flood, insect infestation, mass movement (dry and wet),

storm, volcano, and wildfire/Data source: EM-DAT: The OFDA/CRED International Disaster Database/Data version: 12 March 2013 - v12.07.
2 Global Assessment Report on Disaster Risk Reduction 2013: http://www.preventionweb.net/english/hyogo/gar/2013/en/home/GAR_2013/

GAR_2013_2.html
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of landslide risk reduction by the promotion of exchange of experience and achievements in

science and facilitating discussion on sustainable disaster risk management.

Recognizing that disaster reduction needs interdisciplinary and multi-sectoral action, we

build on partnerships and take a global approach to disaster reduction. Therefore, we welcome

better cooperation between government authorities and the international community including

scientific community that play a critical role in helping people make life-changing decisions

about where and how they live before the disaster strikes, in particular high-risk urban areas.

Once the ten-year mark has been passed in 2015, the world will have a new disaster risk

reduction framework. Consultations on elements for the post-2015 framework (“HFA2”) are
currently ongoing. Multi-stakeholders, including academic and scientific institutions, are

encouraged to be engaged in the ongoing consultation towards HFA2, which is expected to

be adopted at the Third World Conference on Disaster Risk Reduction in March 2015 in

Sendai, Japan.

Scientist, international, and regional institutions have a responsibility to assist with the

tools, knowledge, and capacity to understand their risk and take the most effective measures to

reduce them. The knowledge on landslides is a key part of the equation and the work and

outcome of The Third World Landslide Forum in June 2014 in Beijing will be important

contribution to these efforts and ongoing consultation towards 2015. UNISDR is fully behind

the community of practice working on landslide risk.

Ms. Margareta Wahlström

Special Representative of the UN Secretary-

General for Disaster Risk Reduction, Chief

of UNISDR
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Preface: Landslide Science for a Safer
Geoenvironment

The Third World Landslide Forum (WLF3) was held at the China National Convention

Center, Beijing, China, on 2–6 June 2014. WLF is the triennial conference of the International

Consortium on Landslides (ICL) and the International Programme on Landslides (IPL).

ICL (The International Consortium on Landslides) launched at the Kyoto Symposium in

January 2002 is an international non-governmental and non-profit scientific organization

promoting landslide research and capacity building for the benefit of society and the environ-

ment. Major activities of the ICL are the publication of a bimonthly full-colour journal

“Landslides: Journal of the International Consortium on Landslides”, the International

Programme on Landslides including IPL Projects in many countries/regions, and the Triennial

World Landslide Forum and promotion of ICL regional and thematic networks and the World

Centres of Excellence on Landslide Risk Reduction (WCoE). All activities involve coopera-

tion by ICL-supporting organizations and other various stakeholders (national and local

governments, civil society, and private sectors) contributing to landslide risk reduction.

The IPL is a programme of the ICL. It is developed in partnership with ICL-supporting

organizations. The programme is managed by the IPL Global Promotion Committee including

ICL and ICL-supporting organizations: the United Nations Educational, Scientific and Cul-

tural Organization (UNESCO), the World Meteorological Organization (WMO), the Food and

Agriculture Organization of the United Nations (FAO), the United Nations International

Strategy for Disaster Risk Reduction (UNISDR), the United Nations University (UNU), the

International Council for Science (ICSU), the World Federation of Engineering Organizations

(WFEO), and the International Union of Geological Sciences (IUGS). The IPL contributes to

the United Nations International Strategy for Disaster Reduction.

ICL-IPL invites relevant organizations and programmers to promote Landslide Science for

a Safer Geoenvironment.

The International Consortium on Landslides (ICL)

• ICL was established by adopting its statutes in January 2002. The headquarters was

registered as a legal body under the Japanese law for non-profit-making organizations

(NPO) in the Kyoto Prefectural Government, Japan, in August 2002.

• ICL established the UNITWIN (University Twinning and Networking) Cooperation

Programme on Landslide Risk Mitigation for Society and the Environment with UNESCO

and Kyoto University in March 2003. The UNITWIN Headquarters Building was

constructed by ICL and Kyoto University at the Kyoto University Uji Campus in Septem-

ber 2004. The programme was developed to promote landslide and water-related disaster

risk management for society and the environment in November 2010.

• ICL founded “Landslides”: Journal of the International Consortium on Landslides in 2004.

It was established as a quarterly journal published by Springer Verlag. It was approved as

an ISI journal in 2005 and moved to a bimonthly journal from Vol. 10 in 2013.

• ICL founded the International Programme on Landslides (IPL) in partnership with seven

global stakeholders by adopting the 2006 Tokyo Action Plan. It exchanged MoU to
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promote IPL with the United Nations Educational, Scientific and Cultural Organization

(UNESCO), the World Meteorological Organization (WMO), the Food and Agricultural

Organization of the United Nations (FAO), the United Nations International Strategy for

Disaster Reduction (UNISDR), the United Nations University (UNU), the International

Council for Science (ICSU), and the World Federation of Engineering Organizations

(WFEO) in 2006.

• The IPL Global Promotion Committee (IPL-GPC) was established following the 2006

Tokyo Action Plan to manage IPL activities including IPL projects, the World Landslide

Forum (WLF) every 3 years, and the World Centres of Excellence for Landslide Risk

Reduction (WCoEs) to be identified at WLFs.

• ICL headquarters in Kyoto, Japan, was approved as a scientific research organization (No.

94307) which can receive scientific grants from the Ministry of Education, Culture, Sports,

Science and Technology (MEXT), Japan, in March 2007 and registered in the cross-

ministerial research and development management system of all ministries of Japan in

May 2008.

• ICL was approved as an NGO having operational relations with UNESCO in April 2007. It

was reclassified as an NGO with consultative partnership with UNESCO in March 2012.

• ICL-IPL organized the First World Landslide Forum (WLF1) at the United Nations

University, Tokyo, in November 2008.

• ICL-IPL organized the Second World Landslide Forum (WLF2) at the Food and Agricul-

ture Organization of the United Nations, Rome, in October 2011.

• ICL-IPL is organizing the Third World Landslide Forum (WLF3) at the China National

Convention Center, Beijing, in June 2014.

• ICL-IPL will organize the Fourth World Landslide Forum (WLF4) in Ljubljana, Slovenia,

in May 29–June 2, 2017.

The symbol of ICL was designed as below.
II is a symbol of cultural heritage at landslide risk
CC symbolizes the moving landslide mass
LL is a symbol of retaining wall to stop landslides for its risk
reduction.  

The greatest discussion on C whether the Consortium should   
stand still or might be inclined during dynamic motion. 

The International Programme on Landslides (IPL)

• The United Nations World Conference on Disaster Reduction was held on 18–22 January

2005 in Kobe, Japan. At this conference, the ICL proposed the organization of a thematic

session to develop the IPL within the WCDR, and it was approved by the United Nations

Secretariat for the International Strategy for Disaster Risk Reduction. With financial

support from the Cabinet Office of Japan, the Ministry of Education, Culture, Sports,

Science and Technology of the Government of Japan (MEXT), and the Disaster Prevention

Research Institute of Kyoto University, the thematic conference Session 3.8 “New Interna-

tional Initiatives for Research and Risk Mitigation of Floods (IFI) and Landslides (IPL)”
was organized together with ICL-supporting organizations and also the flood group.

• The thematic session 3.8 was opened with the addresses by Koı̈chiro Matsuura (Director-

General of UNESCO), Michel Jarraud (Secretary-General of WMO), and others. The

session was chaired by Hans van Ginkel (Rector of UNU). The ICL proposed a Letter of
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Intent to promote further joint global activities in disaster reduction and risk prevention

through “Strengthening research and learning on ‘Earth system risk analysis and sustain-

able disaster management’ within the framework of the ‘United Nations International

Strategy for Disaster Reduction’ (ISDR)”. This Letter of Intent was agreed and signed by

heads of seven global stakeholders of UNESCO, WMO, FAO, UNISDR, UNU, ICSU, and

WFEO.

• Based on this Letter of Intent, ICL, UNESCO, WMO, FAO, UNISDR, UNEP, UNU, and

Kyoto University jointly organized the Round Table Discussion (RTD) “Strengthening
research and learning on earth system risk analysis and sustainable disaster management

within UN-ISDR as regards landslides—towards a dynamic global network of International

Programme on Landslides (IPL)” on 18–20 January 2006 at Elizabeth Rose Hall of the

United Nations University, Tokyo, Japan. The RTD was cosponsored by Japanese and

international governmental and non-governmental organizations. The 2006 Tokyo Action

Plan was adopted as the result of RTD.

• The 2006 Tokyo Action Plan decided to develop the International Programme on

Landslides (IPL) which is managed by IPL Global Promotion Committee. It is formed by

ICL member organizations, ICL-supporting organizations which have exchanged the

Memorandum of Understanding with ICL to promote ICL, and organizations which

provide Subvention to IPL.

• The ICL exchanged the Memoranda of Understanding with each of seven global

stakeholders: UNESCO, WMO, FAO, UNISDR, UNU, ICSU, and WFEO to promote the

2006 Tokyo Action Plan within 2006. Then, IPL was formally launched as a programme of

the ICL in partnership with ICL-supporting organizations aiming at organizing work in

response to the ICL goals.

• The logo of IPL in Fig.1 is a simple design of ICL and ICL-supporting organizations which

have exchanged MOU with ICL to promote ICL-IPL.

Fig. 1 Logo of the International Programme on Landslides (IPL)
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The World Landslide Forum

The First World Landslide Forum: Implementing the 2006 Tokyo Action Plan
on the International Programme on Landslides (IPL)

WLF1 was organized at the United Nations University, Tokyo, in November 2008. It was a

global cross-cutting information and cooperation platform for all types of organizations from

academia, United Nations, governments, private sectors, and individuals that are contributing

to landslide research and education and who are willing to strengthen landslide and other

related earth system risk reduction.

• Plenary sessions were (1) Open forum “Progress of IPL Activities”, (2) Plenary symposium

“Global Landslide Risk Reduction”: A special Report and four keynote lectures, (3) Public

Forum on “Protection of Society and Cultural and Natural Heritage, (4) “Landslides for
Children”, (5) High-level panel discussion “Landslides in Global Change—How to miti-

gate risk? Toward the Second World Landslide Forum in 2011”.
• Parallel sessions were (1) A look from space, (2) Case Studies and National Experiences, (3)

Catastrophic slides and avalanches, (4) Climate change and slope instability, (5) Landslides

threatening heritage sites, (6) Economic and Social Impact of Landslides, (7) Education,

Capacity Building and Public Awareness for Disaster Reduction, (8) Environmental Impact

of Landslides, (9) Landslides in General, (10) Landslides and multi-hazards, (11) Mapping:

inventories, susceptibility, hazard and risk, (12) Monitoring, prediction and early warning,

(13) Policy and Institutional framework for Disaster Reduction, (14) Rainfall, debris flows,

and wildfires, (15) Landslide Disaster Mitigation Engineering Measures, (16) Watershed

and Forest Management for Risk Reduction, (17) Landslides in Dam Reservoirs.

• One full-colour book—Landslides-Disaster Risk Reduction—including all papers in ple-

nary sessions and introduction of all parallel sessions was published, two monocolour

proceedings for full papers were accepted for parallel sessions, and papers accepted for

poster papers were printed and also are uploaded in the ICL web in full colour.

• 430 people from 48 countries and several other international organizations participated

(175 from Japan, and 255 from abroad).

The Second World Landslide Forum: Putting Science into Practice

WLF2 was organized at the Headquarters of the Food and Agriculture Organization of the

United Nations (FAO) on 3–9 October 2011. It was jointly organized by the IPL Global

Promotion Committee (ICL, UNESCO, WMO, FAO, UNISDR, UNU, ICSU, WFEO) and two

ICL members in Italy: the Italian Institute for Environmental Protection and Research

(ISPRA) and the Earth Science Department of the University of Florence with support from

the Government of Italy and many Italian landslide-related organizations.

• 864 people from 63 countries and several international organizations participated. Atten-

dance was larger than expected, and twice the attendance at the First World Landslide

Forum 2008 in Tokyo.

• 25 Technical sessions were held, and 465 full papers were submitted. All accepted papers were

edited in seven full-colour volumes titled as “Landslide Science and Practice” as below.
Vol. 1 Landslide inventory and susceptibility and hazard zoning

Vol. 2 Early warning, instrumentation and monitoring

Vol. 3 Spatial analysis and modelling

Vol. 4 Global environmental change (420 pages)

Vol. 5 Complex environment (520 pages)

Vol. 6 Risk assessment, management and mitigation (430 pages)

Vol. 7 Social and Economic Impact and Policies (430 pages)
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The Third World Landslide Forum: Landslide Risk Mitigation
Toward a Safer Environment

WLF3 will be organized on 2–6 June 2014 in Beijing, China.

Three full-colour volumes (Vol. 1–Vol. 3) will be published by Springer, titled as Landslide

Science for a Safer Geoenvironment. 303 papers will be published in three full color volumes.

One monocolour proceedings which contains 123 full papers and an abstract volume will be

published by the Chinese Organizing Committee. Volume 1 includes Plenary lectures, and

selected papers from the side events. Volume 2 includes papers accepted in sessions for methods

of landslide studies. Volume 3 includes papers accepted for methods of landslide studies. Front

matters include two Forewords fromMs. Irena Bokova, Director-General of UNESCO and Ms.

Margareta Wahlström, Special Representative of the UN Secretary General for Disaster Risk

Reduction, Chief of UNISDR, and Preface by Kyoji Sassa (Executive Director), Paolo Canuti

(President) and Yueping Yin (Incoming President) of ICL. Back matters include “Landslide
Technology and Engineering in Support of Landslide Science” and “ICL Structure”.

Plenary sessions are:

1. High-Level Panel Discussion toward a Safer Geoenvironment

2. Plenary Lectures “Progress in Landslide Science”
Runqiu HUANG: Progress in Large-Scale Landslide Studies in China

Farrokh NADIM: Progress in Living with landslide risk in Europe

Rex BAUM: Progress in Regional landslide hazard assessment

Kyoji SASSA: Progress in Landslide Dynamics

3. Round Table Discussion “Major achievement in WLF3 and development toward WLF4”

Parallel sessions are:

Special Sessions

A1 International Programme on Landslides, A2 Thematic and Regional Networks on

Landslides, A3 Policy, Legislation and Guidelines on Landslides, A4 Climate & Landuse

Change Impacts on Landslides, A5 Recognition and Mechanics of Landslide, A6 General

Landslide Studies

Sessions for Methods of Landslide Studies

B1 Physical Modeling and Material Testing, B2 Application of Numerical Modeling

Techniques to Landslides, B3 Remote Sensing Techniques for Landslide Mapping and

Monitoring, B4 Hazard Mapping, B5 Monitoring, Prediction and Warning of Landslides,

B6 Risk Assessment, B7 Remedial Measures & Prevention Works, B8 Risk Reduction

Strategy, B9 Inventory and Database

Sessions for Targeted Landslides

C1 Debris Flows, C2 Rock-Slope Instability and Failure, C3 Earthquake-Induced Landslides,

C4 Rain-Induced Landslides, C5 Landslides in Cultural/Natural Heritage Sites, C6 Urban

Landslides, C7 Landslides in Cold Regions, C8 Landslide in Coastal and Submarine

Environments, C9 Natural Dams and Landslides in Reservoirs

Side Events

D1 Student Session, D2 Landslide Teaching tools, D3 Dialogues on Country Landslide Issues

Other ICL-IPL Activities

Other ICL-IPL activities include (1) IPL Projects, (2) ICL Regional and thematic networks,

(3) World Centre of Excellence on Landslide Risk Reduction, (4) ICL Landslide Teaching

Tools.

Preface: Landslide Science for a Safer Geoenvironment xiii



Landslides: Journal of the International Consortium on Landslides

The ICL decided to create a new international journal on landslides “Landslides: Journal of the
International Consortium on Landslides” at the First Board of Representatives of ICL held at

the UNESCO Headquarters, Paris on 19-21 November 2002. The ICL planned to publish full

color journal presenting full color photos and colored maps & figures to attract policy makers,

government officers and citizens as well as scientists and engineers in many fields.

The first issue of the journal Landslides was published from Springer Verlag in April 2004

as the core project of the International Programme on Landslides (IPL). This journal was the

first full-colour scientific journal without a full-colour printing fee. The field of landslides is

very wide in the related basic science fields. Common information source which all readers

may understand is a full-colour photo of landslides. Landslide researchers from geology,

geomorphology, geotechnology, geophysics, and landslide dynamics may obtain various

aspects of information from the colour photos. The journal “Landslides” aims to promote

landslide research and investigation in the developing countries as well as in developed

countries. Published papers of most international journals are shared by researchers in the

developed countries. Landslides have made the following five categories to promote contri-

bution from developing countries and young researchers.

Within these categories, “Original articles” will deal with the frontiers of landslide science
and technology. “Recent landslides” will accept recent landside reports from developing

countries where many landslide disasters will occur and “Technical note” will accept case

studies of landslides in the less reported countries. “ICL-IPL activities” will report for

international information dissemination and cooperation. As a central tool of the global

landslide community, the journal is planned to provide different functions.

1. Original paper (6–12 pages): original research and investigation results.

2. Review paper (6–12 pages): review of current research and development of technology in a

thematic area of landslides.

3. Recent landslide (less than 6 pages): reports of recent landslides including location (latitude/

longitude), plan, section, geology, volume, movement, mechanism, and associated disasters.

4. Technical note (less than 6 pages): research notes, review notes, case studies, progress of

technology, and best practice in monitoring, testing, investigation, and mitigation measures.

5. ICL-IPL activities: progress of IPL projects and ICL committee activities.

Fig. 2 Cover of “Landslides”, Vol.11, No.2, 2014
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“Landslides” have published 513 articles in 42 issues in Volume 1–Volume 10 since 2004.

Volumes 1–9 were 4 issues per year. The total pages in Vol. 9 were 569 pages containing

47 papers. Vol. 10 from 2013 was 6 issues per year. The total pages in Vol. 10 are 851 pages

containing 68 papers. Figure 2 presents the front and back cover of Vol.11, No.2, 2014. The

design of the cover is the same from the founding issue in 2004.

“Landslides” was identified as an SCI journal by Thomson Reuters in 2005. The impact

factor was 2.216 in the 2011 Journal Citation Report, and it was 2.093 in 2012 Journal Citation

Report. This journal is the core activity of ICL-IPL to share information on scientific and

technological development and to develop “Landslide Science” toward a Safer

Geoenvironment.

IPL Projects

IPL Projects are proposed by one or more ICL members or by IPL-Global Promotion

Committee (IPL-GPC) by submitting the IPL project proposal form by 30 March every

year. Proposal form will be evaluated by IPL Evaluation Committee. The proposer or a

member of the project is requested to orally explain the project in the IPL-GPC which will

be organized together with the Board of Representatives (BOR) of ICL each year. IPL-GPC

will decide the approval of proposed project based on the evaluation committee report, oral

presentation, and discussion. Each IPL Project leader with ongoing status is requested to

submit an annual report of the project by 30 March each year.

The IPL project may authorize the leader and the accepted project by the IPL Global

Promotion Committee. The project, leaders, and the annual report are uploaded in IPL WEB

http://www.iplhq.org/. The progress and the research results are invited to contribute to

Landslides: Journal of the International Consortium on Landslides. The achievements of IPL

Projects are evaluated every 3 years. Three successful IPL projects will be identified at theWorld

Landslide Forum. The leaders will receive US$3,000 per project together with a certificate.

ICL Regional and Thematic Networks

Establishment of ICL networks was proposed at the 10th Session of Board of Representatives

of ICL held at the headquarters of the Food and Agriculture Organization of the United

Nations (FAO) in Rome, Italy, on 5 October 2011. The networks were approved at the 10th

anniversary meeting of ICL held on 17–20 January 2012 in Kyoto, Japan. The regional and

thematic networks are platforms for cooperation within ICL member organizations and non-

ICL member organizations in each region and each thematic field.

Current networks are:

ICL Regional Networks

(1) Adriatic-Balkan Network, (2) Latin America Network, (3) North-East Asia Network, (4)

South-East Asian Network for Landslide Risk Management

ICL Thematic Networks

(1) Landslides Risk Management Network, (2) Capacity Development Network, (3)

Landslides in Cold Regions Network, (4) Landslides and Cultural & Natural Heritage

Network, (5) Landslide Monitoring and Warning Network

World Centre of Excellence on Landslide Risk Reduction

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

will identify World Centres of Excellence on Landslide Risk Reduction at the World Land-

slide Forum organized every 3 years within eligible organizations, such as universities,
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institutes, NGOs, government ministries, and local governments, contributing to “Risk Reduc-
tion for Landslides and Related Earth System Disasters”. An independent Panel of Experts, set
up by the Global Promotion Committee of International Programme on Landslides (IPL-

GPC), endorses the WCoEs.

Objectives of WCoE:
To strengthen the International Programme on Landslides (IPL) and IPL Global Promotion

Committee

To create “A Global Network of entities contributing to landslide risk reduction”; and
To improve the global recognition of “Landslide Risk Reduction” and its social-economic

relevance, and entities contributing to this field

Twelve World Centres of Excellence (WCoEs) 2008–2011 were identified at the First

World Landslide Forum in November 2008 at UNU in Tokyo, Japan. Fifteen WCoEs for

2011–2014 were identified at the Second World Landslide Forum in October 2011 at FAO,

Rome, Italy. New WCoEs for 2014–2017 will be identified and announced at WLF3. WCoEs

are cores of ICL regional and thematic networks.

ICL Landslide Teaching Tools

ICL Landslide Teaching Tools aim to provide various teaching materials to ICL members and

other landslide institutions and entities for their efforts to educate university students, local

government officers, people in non-governmental organizations, and local communities. Tools

include text including figures and full-colour photos, PDFs of published papers, guidelines and

laws, and PPTs for lectures.

Copyright and Responsibility for Each Teaching Tool

ICL called for contributions and compiled the accepted teaching tools. Copyright and

responsibility for the content of each tool lie with its contributing organization. Each tool

may be updated by the contributing organization.

The Teaching Toolbox contains five parts:

1. Mapping and Site Prediction

2. Monitoring and Early warning

3. Testing and Numerical Simulation

4. Risk Management and Others

5. Country Practices and Case Studies

The Teaching Toolbox contains three types of tools:

1. The first type are TXT-tools consisting of original texts with figures.

2. The second type are PDF-tools consisting of already published reference papers, manuals,

guidelines, laws, codes, and others. They are on the accompanying CD as pdf files.

3. The third type are PPT-tools consisting of Powerpoint® files made for lectures. They are on

the accompanying CD as ppt files.

ICL invites landslide research organizations and their experts to jointly develop effective

and practical Landslide Teaching Tools. The copyright and the updating responsibility belong

to the contributing organization.

A Call for ICL-IPL Partners

The International Consortium on Landslides (ICL) and partners of the International

Programme on Landslides (IPL), including the United Nations Educational, Scientific and

Cultural Organization (UNESCO), the World Meteorological Organization (WMO), the Food
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and Agricultural Organization of the United Nations (FAO), the United Nations Office for

Disaster Risk Reduction (UNISDR), the United Nations University (UNU), the International

Council for Science (ICSU), the World Federation of Engineering Organizations (WFEO),

and the International Union of Geological Sciences (IUGS), invite related international

programmes and initiatives from natural sciences (earth sciences and water sciences), engi-

neering sciences, human and social sciences, and governmental and non-governmental

programmes to promote science and technology and their applications for landslide risk

mitigation and to support this initiative by joining the International Networking and

Partnerships aimed at enhancing capacities, in particular in the developing world, to reduce

risk and vulnerabilities and build resilience related with landslides, and contribute to a safer

Geoenvironment in support of UNISDR.

The “Third World Conference on Disaster Risk Reduction of the United Nations (3rd

WCDRR)” will be organized in Sendai, Japan, on 14–18 March 2015, succeeding the 2nd

WCDR (Kobe, 18–22 January 2005). ICL-IPL is examining an activity for 3rd WCDRR to

enhance partnerships and agree with relevant organizations and programmes on ICL-IPL

SENDAI PARTNERSHIPS 2015–2024 for Landslide Disaster Risk Reduction for a Safer

Geoenvironment.

ICL-IPL Secretariat

ICL office: The International Consortium on Landslides

138-1 Tanaka Asukai-cho, Sakyo-ku, Kyoto 606-8226, Japan

IPL office: UNESCO-KU-ICL UNITWIN Headquarters

Kyoto University Uji Campus, Uji Kyoto 611-0011, Japan

Email: secretariat@iclhq.org

URL: http://icl-iplhq.org/ and http://www.iplhq.org/

Kyoji Sassa Paolo Canuti Yueping Yin

Executive Director of ICL President of ICL Incoming President of ICL
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Arbanas

“Report a Landslide” A Website to Engage the Public in Identifying

Geologic Hazards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Rex L. Baum, Lynn M. Highland, Peter T. Lyttle, Jeremy M. Fee,

Eric M. Martinez, and Lisa A. Wald

Discrete Boundary Shear Strength of a Landslide at High Rainfall

Precipitation Zone in Sri Lanka . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

A.A. Virajh Dias, S.B.S. Abayakoon, and R.K. Bhandari

Glacial Lake Outburst Floods (GLOFs) Database Project . . . . . . . . . . . . . . . . . . . 107

Adam Emmer, Vı́t Vilı́mek, and Jan Klimeš
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Kristina Martinović, and Sanja Bernat
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Activities of the International Programme on
Landslides (IPL): IPL Projects and World Centres of
Excellence on Landslide Risk Reduction (WCoE)

Part of the International Programme on Landslides (IPL) are also two important activities:

the IPL projects and the World Centres of Excellence on Landslide Risk Reduction (WCoE).

This introductory chapter to the Volume 1 of the Proceedings of the World Landslide Forum

3 is a short summary of the above-mentioned activities of the ICL members between the

WLF2 in Rome 2011 and WLF3 in Beijing 2014. In this period altogether 53 IPL projects

were active or are still ongoing. Each year new projects of the ICL members are proposed

and approved. At the WLF2 in Rome 2011, 15 WCoEs were approved for the period

2011–2014, and new ones will be approved at the WLF3 in Beijing 2014 for the period

2014–2017.

IPL Programme

The International Programme on Landslides (IPL) is a programme of the International

Consortium on Landslides (ICL) that was established in Kyoto, Japan, in January 2002. The

IPL contributes to the United Nations International Strategy for Disaster Reduction.

The IPL was initiated by the 2006 Tokyo Action Plan and was developed in partnership

with the ICL-supporting organizations (UNESCO, WMO, FAO, UNISDR, UNU, ICSU,

WFEO, IUGS) aiming at achieving the ICL goals. The IPL is managed by the IPL Global

Promotion Committee (IPL-GPC). More detailed description of the ICL and IPL is given in

the Preface to this Volume 1 (Sassa et al. 2014) or elsewhere (Sassa 2012).

The most successful ICL/IPL project so far and also widely accepted in the landslide

community is the journal Landslides—for its achievements and impact refer to Sassa et al.

(2009) and Mikos (2011).

Overview of IPL Projects

An IPL project can be annually proposed by any active ICL member. Each project proposal is

screened and evaluated/ranked by the IPL Evaluation Committee. The evaluation of the

proposed projects is the basis for the decision during the annual meeting of the Board of

Representatives (BOR). Casagli et al. (2009) prepared for the WLF1 in Tokyo in 2009

overview of over 60 IPL projects conducted in the period 2002–2008.
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Each project proposal must deal with at least one of the following main project fields:

(1) Technology development:

A. Monitoring and early warning

B. Hazard mapping, vulnerability, and risk assessment

(2) Targeted landslides—mechanisms and impacts:

A. Catastrophic landslides

B. Landslides threatening heritage sites

C. Landslide hazard risk management in urban areas

(3) Capacity building:

A. Enhancing human and institutional capacities

B. Collating and disseminating information/knowledge

(4) Mitigation, preparedness, and recovery:

A. Mitigation

B. Preparedness

C. Recovery

During the period between the two World Landslides Forums (WLF2 in Rome 2011 and

WLF3 in Beijing 2014), i.e. in the period 2011–2013, altogether 53 IPL projects were active

(see Table 1). The countries being actively involved into IPL projects are shown on the world

map in Fig. 1. It follows a short description of each of the active IPL projects in the period

2011–2013 (ongoing and completed ones). For the older IPL projects please refer to the paper

Casagli et al. (2009).

IPL-112 Project

Project Title: Landslide mapping and risk mitigation planning in Thailand

Country: Thailand

Leader: Saowanee Prachansri

Period: 2002/2008–

Status: ongoing

Main Project Fields: technology development; hazardmapping; vulnerability; and risk assessment

Objectives: to assess and map landslide susceptible areas in 204 sub-basins in Thailand that

are planned for development or that have been developed, in addition to zone landslide risk

areas, design and conduct prevention, and/or mitigation measures in landslide risk areas.

Study area: Critical potential landslide areas subject to development or already developed in

204 sub-basins in Thailand.

IPL-132 Project

Project Title: Research on vegetation protection system for highway soil slope in seasonal

frozen regions

Country: China, Japan

Leader: Wei Shan, Fawu Wang

Period: 2008–

Status: ongoing

Main Project Fields: mitigation; preparedness technology

Objectives: This study aims to establish a comprehensive vegetation protection system for

highway soil slope in seasonal frozen regions. The system will be of benefit to regional

environment green along the highway, and the highway slope stabilization.

Study area: A major highway in China’s Heilongjiang Province, Kiamusze to Harbin of

Tong-San Expressway.
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Table 1 The chronological overview of the IPL projects active in the period 2011–2013

IPL

Project Project title

Country/

Organization Project leader Period Status

IPL-101-2 Landslides monitoring and slope stability at selected

historic sites in Slovakia

Slovakia Jan Vlcko 2002/2008– Ongoing

IPL-101-3 The geomorphological instability of the Buddha niches

and surrounding cliff in Bamiyan valley (Central

Afghanistan)

Italy Claudio Margottini 2002/2008– Ongoing

IPL-105 Early warning of landslides Japan Kyoji Sassa 2005– Ongoing

IPL-106-1 Landslide museum in Civita di Bagnoregio Italy Claudio Margottini 2006/

2008–2013

Completed

IPL-106-2 International summer school on rockslides and related

phenomena in the Kokomeren River Valley, Tien

Shan, Kyrgyzstan

Russia Alexander Strom 2008– Ongoing

IPL-112 Landslide mapping and risk mitigation planning in

Thailand

Thailand Saowanee Prachansri 2002/2008– Ongoing

IPL-132 Research on vegetation protection system for highway

soil slope in seasonal frozen regions

China, Japan Wei Shan, Fawu

Wang

2006/2008– Ongoing

IPL 134 Large-scale rockslides in coarse-bedded carbonate

rocks in the Apennines (Italy), Caucasus (Russia) and

Zagros (Iran): evaluation of possible triggers and

hazard assessment

Russia Alexander Strom 2007–2011 Completed

IPL-138 Long run out and catastrophic landslides study:

Yigong Landslide, Tibet China

China Yin Yueping 2008–2011 Completed

IPL-139 Development of low-cost early warning system of

slope instability for civilian use

Japan Ikuo Towhata, Taro

Uchimura

2008– Ongoing

IPL-140 Landslide and multi-geohazards mapping for

community empowerment in Indonesia

Indonesia Dwikorita Karnawati 2008–2011 Completed

IPL-141 Geo-risks management for Third World Countries—

Mapping and assessment of risky geo-factors for land

use (e.g. in Ethiopia)

Czech

Republic

Jiřı́ Zvelebil 2008– Ongoing

IPL-142 Seismic landslide hazards mapping in Sichuan China Yuepin Yin 2009–2011 Completed

IPL-143 Evaluation of sensitivity of the combined hydrological

model (dynamic) for landslide susceptibility risk

mapping in Sri Lanka

Sri Lanka A. A. Virajh Dias 2008–2012 Completed

IPL-144 SafeLand—Living with landslide risk in Europe:

Assessment, effects of global change, and risk

management strategies

Norway Bjørn Kalsnes 2009–2012 Completed

IPL-145 Preparation of landslide risk map in Taleghan Area-

Iran

Iran S. H. Tabatabaei 2009–2011 Completed

IPL-146 Spatial monitoring of joint influence of an atmospheric

precipitation and seismic motions on formation of

landslides in Uzbekistan (Central Asia)

Uzbekistan Rustam Niyazov 2010–2012 Completed

IPL-147 Study on debris flow controlling factors and triggering

mechanism in Peninsular Malaysia

Malaysia Che Hassandi

Abdullah

2010–2011 Completed

IPL-149 Canadian Landslide Best Practice Manual Canada Peter Bobrowsky 2010– Ongoing

IPL-150 Capacity building and the impact of climate-driven

changes on regional landslide distribution, frequency

and scale of catastrophe

Nigeria Ogbonnaya Igwe 2010– Ongoing

IPL-151 Soil matrix suction in active landslides in flysch—the

Slano Blato landslide case

Slovenia Bojan Majes 2010– Ongoing

IPL-153 Landslide hazard zonation in Kharkov region of

Ukraine using GIS

Ukraine Oleksandr M.

Trofymchuk

2010–2013 Completed

IPL-154 Development of a methodology for risk assessment of

the earthquake-induced landslides

Japan D. Higaki 2010–2013 Completed

IPL-155 Determination of soil parameters of subsurface to be

used in slope stability analysis in two different

precipitation zones of Sri Lanka

Sri Lanka A. A. Virajh Dias 2010– Ongoing

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

changing climate scenarios

Thailand N.M.S.I. Arambepola 2009–2012 Completed

(continued)
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Table 1 (continued)

IPL

Project Project title

Country/

Organization Project leader Period Status

IPL-157 Dynamics of subaerial and submarine megaslides Japan Kyoji Sassa 2010– Ongoing

IPL-158 Development of community-based landslide early

warning system

Indonesia Teuku Faisal Fathani 2009–2013 Completed

IPL-159 Development of education program for sustainable

development in landslide vulnerable area through

student community service

Indonesia Dwikorita Karnawati 2009–2013 Completed

IPL-160 Landslides and floods under extreme weather

condition and resilient society

Japan Hiroshi Fukuoka 2009– Ongoing

IPL-161 Risk identification and land-use planning for disaster

mitigation of landslides and floods in Croatia

Japan Hideaki Marui 2009– Ongoing

IPL-162 Tier-based harmonized approach for landslide

susceptibility mapping over Europe

Italy Javier Hervás 2007–2012 Completed

IPL-163 Mechanical-mathematical modeling and monitoring

for landslide processes

Russia Svalova Valentina 2009–2013 Completed

IPL-165 Development of community-based landslide hazard

mapping for landslide risk reduction at the village

scale in Java, Indonesia

Indonesia Dwikorita Karnawati 2010–2013 Completed

IPL-167 The effect of freezing-thawing on the stability of

ancient landslide of North-Black highway

China Wei Shan 2009– Ongoing

IPL-168 Engaging U.S. citizens in Landslide Science through

the website, “Did You See It? Report a Landslide”
USA Rex Baum 2010–2013 Completed

IPL-169 Landslide hazard and risk assessment in Geyser Valley

(Kamchatka)

Russia Oleg V. Zerkal 2010–2012 Completed

IPL-170 Landslide susceptibility and landslide hazard zonation

in volcanic terrains using Geographic Information

System (GIS): A case study in the Rı́o Chiquito-

barranca Del Muerto watershed; Pico de Orizaba

volcano, México

Mexico Gabriel Legorreta

Paulı́n

2010–2013 Completed

IPL-171 Study of the geotechnical characteristics of an unstable

urban area of Barranquilla (Colombia) severely

affected for slope instabilities and soil volume changes

Colombia Guillermo Ávila 2010–2013 Completed

IPL-172 Documentation, Training and Capacity Building for

Landslides Risk Management

India Surya Parkash 2011– Ongoing

IPL-173 Croatian Virtual Landslide Data Center Croatia Snježana Mihalić

Arbanas

2011– Ongoing

IPL-175 Development of landslide risk assessment technology

and education in Vietnam and other areas in the

Greater Mekong Sub-region

Japan,

Vietnam

Kyoji Sassa, Nguen

Xuan Khang

2012– Ongoing

IPL-176 Slope Data Acquisition along Highways in Sabah State

for hazard assessment and mapping

Malaysia Che Hassandi

Abdullah

2012–2013 Completed

IPL-177 Study on geological disasters focusing on landslides in

and around Tegucigalpa City, Honduras

Honduras Anı́bal Godoy 2012–2013 Completed

IPL-179 Database of Glacial Lake Outburst Floods (GLOFs) Czech

Republic

Adam Emmer, Vit

Vilı́mek

2012– Ongoing

IPL-180 Introducing Community-based Early Warning System

for Landslide Hazard Management in Cox’s Bazaar
Municipality, Bangladesh

Thailand N.M.S.I. Arambepola 2011–2012 Ongoing

IPL-181 Study of slow moving landslide Umka near Belgrade,

Serbia

Serbia Biljana Abolmasov 2012– Ongoing

IPL-182 Characterization of landslides mechanisms and

impacts as a tool to fast risk analysis of landslides

related disasters in Brazil

Brazil Renato Eugenio de

Lima

2012– Ongoing

IPL-183 Landslides in West Africa: impacts, mechanism and

management

Nigeria Igwe Ogbonnaya 2012– Ongoing

IPL-184 Study of landslides in flysch deposits of North Istria,

Croatia: sliding mechanisms, geotechnical properties,

landslide modeling and landslide susceptibility

Croatia Željko Arbanas 2012– Ongoing

(continued)
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IPL-134 Project

Project Title: Large-scale rockslides in coarse-bedded carbonate rocks in the Apennines (Italy),

Caucasus (Russia) and Zagros (Iran): evaluation of possible triggers and hazard assessment

Country: Russia

Leader: Alexander Strom

Period: 2007–2011

Status: completed

Main Project Fields: study of bedrock landslides mechanisms; landslide hazard assessment

Objectives: Revealing of mechanisms and possible triggers of large-scale bedrock landslides

in coarse-bedded carbonate rocks folded in large box folds by comparative analysis of case

studies from different regions.

Study area: Dagestan (Eastern part of the Great Caucasus, Russia), Zagros, including the

Seimareh landslide area (Iran), Apennines (Italy).

Fig. 1 Worldwide distribution of the IPL projects being active in the period 2011–2013 with the distribution of ICL World Centres of Excellence

(WCoE) for the period 2011–2014

Table 1 (continued)

IPL

Project Project title

Country/

Organization Project leader Period Status

IPL-185 Landslide hazards assessment and modeling sediment

yield of landslides using Geographic Information

System (GIS): A case study in the Rı́o El Estado on the

SW flank of Pico de Orizaba volcano, Puebla-

Veracruz, Mexico

Mexico Gabriel Legorreta

Paulı́n

2013– Ongoing

IPL-186 Rock-fall hazard assessment and monitoring in the

archaeological site of Petra, Jordan

Italy Claudio Margottini 2013– Ongoing

IPL-187 Design and Validation of an Early Warning System for

Landslides—DeVEL

Germany Rolf Katzenbach 2013– Ongoing

IPL-188 Study of slow moving landslide Potoška planina

(Karavanke Mountain, NW Slovenia)

Slovenia Marko Komac 2013– Ongoing
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IPL-138 Project

Project Title: Long run-out and catastrophic landslides study: Yigong Landslide, Tibet China

Country: China

Leader: Yin Yueping

Period: 2008–2011

Status: completed

Main Project Fields: catastrophic landslides

Objectives: To find out the relationship between the global warming and catastrophic land-

slide. To study the metrology of mapping and investigating of catastrophic landslide. To

develop the technique of RS in the catastrophic landslide mapping and monitoring. To

assess the run-out with wind tunnel test and the risk of a certain catastrophic landslide. To

clarify the mechanism of the catastrophic landslide.

Study area: On Egong landslide in Tibet, China. Several other catastrophic landslides are

considered together to form the whole idea of the same kind landslide.

IPL-139 Project

Project Title: Development of low-cost early warning system of slope instability for civilian

use

Country: Japan

Leader: Ikuo Towhata, Taro Ichimura

Period: 2008–

Status: ongoing

Main Project Fields: monitoring and early warning

Objectives: A simple and low-cost early warning system will be developed, and its applica-

bility and effectiveness will be tested at slopes with failure risk in Japan and some other

countries. The system should work with batteries for several (ideally, five or more) years,

transfer real-time data via wireless network, and be low-cost and simple so that non-expert

residents in risk area can handle it easily even in developing countries.

Study area: Urban and mountainous areas in Japan, and some countries in Asia.

IPL-140 Project

Project Title: Landslide and multi-geohazards mapping for community empowerment in

Indonesia

Country: Indonesia

Leader: Dwikorita Karnawati

Period: 2008–2011

Status: completed

Main Project Fields: mitigation (conducted in conjunction with IPL Project no. IPL158 and

IPL 159)

Objectives: This research was intended to provide landslide and multi-geohazard maps to

support the development of landslide early warning system and community empowerment

with respect to landslide and earthquake disaster risk reduction programme in Indonesia.

Rapid site investigation and assessment were also conducted in this study to support the

rehabilitation/reconstruction of the disaster areas.

Study area: Yogyakarta and Central Java, Indonesia.
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IPL-141 Project

Project Title: Geo-risks management for Third World Countries—Mapping and assessment

of risky geo-factors for Land Use (e.g. in Ethiopia)

Country: Czech Republic

Leader: Jiřı́ Zvelebil

Period: 2008–

Status: ongoing

Main Project Fields: engineering geological mapping; non-linear modelling of risky pro-

cesses; information dissemination

Objectives: Improvement of methodology for rugged, hard accessible terrains with satellite

imagery broad use; to gain experience under different geologic-climatic conditions.

Study area: Ethiopia: Jemma River basin, Gibe River basin; Czech Republic: NWBohemia—

Sandstone areas.

IPL-142 Project

Project Title: Seismic landslide hazards mapping in Sichuan

Country: China

Leader: Yuepin Yin

Period: 2008–2012

Status: completed

Main Project Fields: hazard mapping, vulnerability, and risk assessment

Objectives: Developing a method for a quick hazard mapping of earthquake-triggered

landslides. A factor selection and stability judgment programme will be developed and a

rough run-out assessment method will be introduced into this method.

Study area: Niujuangou, Yingxiu, Wenchuan, Sichuan, China. The epicentre area.

IPL-144 Project

Project Title: SafeLand—Living with landslide risk in Europe: Assessment, effects of global

change, and risk management strategies.

Country: Norway

Leader: Bjørn Kalsnes

Period: 2009–2012

Status: completed

Main Project Fields: landslide risk assessment

Objectives: Providing policymakers, public administrators, researchers, scientists, educators,

and other stakeholders with improved harmonized framework and methodology for the

assessment and quantification of landslide risk in Europe’s regions. Evaluating the changes

in risk pattern caused by climate change, human activity, and policy changes. Providing

guidelines for choosing the most appropriate risk management strategies, including risk

mitigation and prevention measures.

Study area: Europe (12 countries), India, China.

IPL-145 Project

Project Title: Preparation of landslide risk map in Taleghan Area-Iran

Country: Iran

Leader: S. H. Tabatabaei

Period: 2009–2011

Status: completed

Main Project Fields: database; hazard and risk assessment; societal application

Objectives: The main aims of this project are to identity effective parameters on landslide

occurrence and preparation of landslide risk map in order to reduce landslide risk in

Taleghan area. The study can help to formulate a master plan and technique which can

be adapted for other places with a similar environment and catastrophic events.

Study area: The study area covers about 932 Sq. Km. Civil works development such as dam

building and road construction has posed a serious threat to ground stability.
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IPL-146 Project

Project Title: Spatial monitoring of joint influence of an atmospheric precipitation and

seismic motions on formation of landslides in Uzbekistan (Central Asia)

Country: Uzbekistan

Leader: Rustam Niyazov

Period: 2011–2012

Status: completed

Main Project Fields: technology development; monitoring and early warning; hazard

mapping, vulnerability, and risk assessment

Objectives: Increasing reliability and timeliness of the precautionary information about threat

of landslide processes. Project tasks include analyses of successful and unsuccessful cases

of the warning of landslide hazard, influence of climate change on activation of landslides,

and comparison of time of landslides occurrence (1958–2012) with time of influence of

deep-focal (230km) and long (1.5–2.5min) earthquakes in Pamir Hindu Kush (Afghanistan)

zone.

Study area: Mountain and foothill territories of north-east and south-west regions of

Uzbekistan.

IPL-147 Project

Project Title: Study on debris flow controlling factors and triggering mechanism in Peninsu-

lar Malaysia

Country: Malaysia

Leader: Che Hassandi Abdulah

Period: 2010–2011

Status: completed

Main Project Fields: technology development; monitoring and early warning; hazard

mapping, vulnerability, and risk assessment

Objectives: Developing preliminary rainfall threshold criteria for occurrence of debris flow in

Peninsular Malaysia. Conducting case study of hazard zonation of debris flows on a chosen

site and preparing a preliminary guideline for hazard mapping.

Study area: Eight sites in Peninsular Malaysia have been chosen which are Kuala Lumpur-

Karak Highway, Kuala Kubu Baru-Gap Road, Simpang Pulai-Cameron Highland Road,

Gap-Fraser Hill Road, Lojing-Gua Musang Road, Karak Highway, Gunung Tempurung,

and Gunung Pulai.

IPL-149 Project

Project Title: Canadian Landslide Best Practice Manual

Country: Canada

Leader: Peter Bobrowsky

Period: 2010–

Status: ongoing

Main Project Fields: engineering geology; geotechnics; landslide mapping; monitoring and

analysis; landslide hazard interpretation

Objectives: The Geological Survey of Canada is coordinating the compilation and publication

of a multi-authored guidelines document for technical landslide studies in Canada. The 11-

chapter volume will highlight successful best practices for identifying, monitoring,

mapping, analysing, and managing slope stability hazards.

Study area: All of Canada.
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IPL-150 Project

Project Title: Capacity building and the impact of climate-driven changes on regional

landslide distribution, frequency and scale of catastrophe

Country: Nigeria

Leader: Ogbonnaya Igwe

Period: 2010–

Status: ongoing

Main Project Fields: capacity building; landslide investigation; risk assessment

Objectives: One of the major objectives is (1) to increase the capacity of Africans to respond

to landslide hazard and risk. It is also aimed (2) to determine the actual processes that lead

to the initiation of landslides using a slope stability model, (3) to determine the mechanism

of the moving mass using a new ring shear apparatus that simulates the mobility of

landslides, and (4) to generate data that could be used for a future landslide susceptibility

map.

Study area: Nigeria, Cameroon, and Uganda.

IPL-151 Project

Project Title: Soil matrix suction in active landslides in flysch—the Slano Blato landslide

case

Country: Slovenia

Leader: Bojan Majes

Period: 2010–

Status: ongoing

Main Project Fields: monitoring and early warning; mechanisms and impacts; large

landslides; mitigation, preparedness, and recovery

Objectives: Comparing continuous measurements of soil matrix suction in an active landslide

(of the order up to 50kPa) with measurements of matrix suction in highly weathered and

progressively disintegrating flysch rock the landslide is fed from. Designing of an early

warning system for the deep-seated Slano Blato landslide in W Slovenia, based on soil

matrix suction measurements and online landslide displacement measurements.

Study area: The active Slano Blato landslide in W Slovenia.

IPL-153 Project

Project Title: Landslide protection structures and their development in the Autonomous

Republic of the Crimea, Ukraine

Country: Ukraine

Leader: Oleksandr M. Trofymchuk

Period: 2010–2013

Status: completed

Main Project Fields: capacity building

Objectives: Collecting and structuring of the information about landslide protection

structures. Collecting and structuring of the information about landslide protection

measures. Developing of the structure of the target database of landslide protection

structures and landslide protection measures.

Study area: Autonomous Republic of the Crimea and Carpathian Mountains region,

Ukraine.

IPL-154 Project

Project Title: Development of a methodology for risk assessment of the earthquake-induced

landslides

Country: Japan

Leader: Daisuke Higaki

Period: 2010–2013

Status: completed
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Main Project Fields: hazard mapping, vulnerability, and risk assessment; catastrophic

landslides; preparedness

Objectives: Clarifying the mechanism of the earthquake-induced landslides on the basis of

surveying types, dimensions, distributions, and run-out distances of the landslides and

analysing relations to the seismicity and geology. Making up of appropriate technical

guidelines for risk assessment of earthquake-induced landslides.

Study area: Asian-Pacific Region (especially in Asian Orogenic Zone).

IPL-155 Project

Project Title: Determination of soil parameters of subsurface to be used in slope stability

analysis in two different precipitation zones of Sri Lanka

Country: Sri Lanka

Leader: A A Virajh Dias

Period: 2010–

Status: ongoing

Main Project Fields: hazard mapping, vulnerability, and risk assessment

Objectives: Determination of critical and other important in situ soil parameters for various

soil types that are present in two different precipitation zones in Sri Lanka and comparison

of the same.

Study area: Heavily precipitated zone in wet zone with annual average rainfall above

4000mm: Watawala, Nawalapitiya. Wet zone with annual average rainfall between 2,500

and 3,000 mm: Haldummulla, Haputale, Ratnapura, Kalawana.

IPL-156 Project

Project Title: Best practices for early warning of landslides in a changing climate scenarios

Country: Thailand

Leader: N.M.S.I. Arambepola

Period: 2009–2012

Status: completed

Main Project Fields: monitoring and early warning; capacity building

Objectives: Developing and disseminating good practices in early warning of landslides in

participating countries. Forming joint working groups among the professionals from

participating countries to research and analyse the critical factors responsible for slope

destabilization under different conditions. Introducing and developing existing and new

concepts pertaining to precipitation threshold values for landslides in different geological

materials. Providing input to local and regional multi-hazard platforms for early warning

and identifying suitable mitigation measures in areas that require immediate attention.

Study area: Asian Region: Bangladesh, Bhutan, People’s Republic of China, India, Indonesia,
Nepal, Philippines, Sri Lanka, Thailand, and Vietnam.

IPL-157 Project

Project Title: Dynamics of subaerial and submarine megaslides

Country: Japan

Leader: Kyoji Sassa

Period: 2010–

Status: ongoing

Main Project Fields: technology development; monitoring and early warning, vulnerability

and risk assessment; catastrophic landslides; coastal and marine landslides; preparedness

and mitigation.

Objectives: Mega landslides of 100–1000m in depth, greater than 10 million m3 in volume,

cause a great effect either on land, coastal, or under water. Megaslides may trigger
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Tsunami, or form landslide dams which may fail and cause great debris flows or floods as

well as causing direct damages. So far dynamics of such megaslides has not been studied.

This project will develop a super high stress ring shear apparatus of 10 MPa for

100–1,000m deep landslides. The ring shear test results are combined to the Multibeam

Swath Bathymetry, InSAR, GPS on-land and seafloor investigation, combined with 50

Centrifuge model experiment for landslide triggered tsunami, and computer simulation. It

aims to establish Dynamics of Subaerial and Submarine megaslides which may provide

reliable risk analysis of ongoing and also potential megaslides over the world.

Study area: Japan, Pakistan, Uzbekistan, Norway, Italy, Central Asia, Mediterranean Sea,

Vietnam.

IPL-158 Project

Project Title: Development of community-based landslide early warning system

Country: Indonesia

Leader: Teuku Faisal Fathani

Period: 2010–2013

Status: completed

Main Project Fields: monitoring and early warning

Objectives: Community empowerment with respect to community-based disaster risk reduc-

tion in landslide vulnerable area, by integrating technical and social networks of landslide

early warning system.

Study area: Central Java Province and West Sumatera Province, Indonesia.

IPL-159 Project

Project Title: Development of education program for sustainable development in landslide

vulnerable area through Student Community Service

Country: Indonesia

Leader: Dwikorita Karnawati

Period: 2010–2013

Status: completed

Main Project Fields: capacity building

Objectives: Capacity building of students as the future leaders/decision makers/researchers

for sustainable development through enhancement of learning programme in higher edu-

cation, which provides opportunity for the students to a) implement their knowledge and

skill for landslide mitigation and risk reduction and b) develop the ethical values and spirit

of sustainable development with respect to landslide risk reduction (development of

various hearth skill such as adaptability, flexibility, tolerance, team working, and empathy

through community empowerment activities for landslide risk reduction).

Study area: Java and Sumatera, Indonesia.

IPL-160 Project

Project Title: Landslides and floods under extreme weather condition and resilient society

Country: Japan

Leader: Hiroshi Fukuoka

Period: 2009–

Status: ongoing

Main Project Fields: monitoring and early warning; hazard mapping, vulnerability, and risk

assessment; catastrophic landslides; capacity building

Objectives: Developing interdisciplinary research and promoting capacity building activities

on landslides and floods in Asia and Africa countries. Extreme weather conditions are

closely related to ongoing climate change.

Study area: Asia and Africa.
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IPL-161 Project

Project Title: Risk identification and land-use planning for disaster mitigation of landslides

and floods in Croatia

Country: Japan

Leader: Hideaki Marui

Period: 2009–

Status: ongoing

Main Project Fields: monitoring and early warning, hazard mapping, vulnerability, and risk

assessment; catastrophic landslides, landslides threatening sites with high societal value;

enhancing human and institutional capacities and collating and disseminating of informa-

tion and knowledge; preparedness and mitigation

Objectives: Contributing to the development of land-use planning in order to reduce disasters

caused by landslides and floods through the basic scientific study of mechanism, risk

identification, and the practical study of land-use planning. Zoning technology of

“Integrated landslide/flood hazard map” and formulation methodology of “land-use
guidelines” are developed for nation-wide application in Croatia.

Study area: Croatia; to be applied to the whole Adriatic and Balkan Region in future.

IPL-162 Project

Project Title: Tier-based harmonized approach for landslide susceptibility mapping over

Europe

Country: Italy

Leader: Javier Hervás

Period: 2007–2012

Status: completed

Main Project Fields: hazard mapping

Objectives: Producing a landslide susceptibility map of Europe using datasets available for

the whole of Europe and a common approach. The results will allow identifying priority

areas where more detailed landslide susceptibility mapping is required. For this purpose,

suggestions towards a common quantitative methodology will be made.

Study area: Europe (European Union and neighbouring countries).

IPL-163 Project

Project Title: Mechanical-mathematical modeling and monitoring for landslide processes

Country: Russia

Leader: Valentina Svalova

Period: 2009–2013

Status: completed

Main Project Fields: monitoring and early warning; landslides threatening heritage sites

Objectives: Elaboration of mechanical-mathematical model for landslide process on the base

of Navier–Stokes equation. Investigation of triggering mechanism for landslide processes.

Promotion of monitoring systems. Geophysical background research in earthquake areas.

Alarm and early warning systems elaboration.

Study area: Moscow landslides, Russian landslides.

IPL-165 Project

Project Title: Development of community-based landslide hazard mapping for landslide risk

reduction at the village scale in Java, Indonesia

Country: Indonesia

Leader: Dwikorita Karnawati

Period: 2010–2013

Status: completed

Main Project Fields: mitigation
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Objectives: Providing a simple, practical, and communicative landslide hazard map, devel-

oped through community participation.

Study area: Karanganyar Regency (Gempolan Village and Plosorejo Village of Kerjo Dis-

trict, in Karanganyar Regency Central Java).

IPL-167 Project

Project Title: Landslides mechanism and the subgrade stability controlling measures in Island

Permafrost Area

Country: China

Leader: Wei Shan

Period: 2010–

Status: ongoing

Main Project Fields: mitigation, preparedness, and recovery

Objectives: Under the permafrost, landslides and other complex geological conditions inves-

tigation, design, construction, and monitoring technical of the targeted Expressway expan-

sion project.

Study area: The Bei-Hei Expressway Extension Project K160–K182 Section.

IPL-168 Project

Project Title: Engaging U.S. citizens in Landslide Science through the website, “Did You See
It? Report a Landslide”

Country: USA

Leader: Rex Baum

Period: 2010–2013

Status: completed

Main Project Fields: enhancing human and institutional capacities; collating and

disseminating information/knowledge

Objectives: Educating Americans about the landslide hazards they face and to build better

inventories of landslides through citizen participation. This project will try to make it as

easy as possible for the public to report their observations of landslides on a website. The

information gathered through the website can be used to classify the landslides and damage,

as well as provide information to scientists about the location, time, speed, and size of the

landslides. The website that is being developed will display summary maps showing

locations of recent landslides, as well as graphs showing simple statistics derived from

the collected data, such as number of landslide reports, cumulative losses, or number of

landslides by type.

Study area: All of the USA.

IPL-169 Project

Project Title: Landslide hazard and risk assessment in Geyser Valley (Kamchatka, Russia)

Country: Russia

Leader: Oleg V. Zerkal

Period: 2009–2012

Status: completed

Main Project Fields: landslides threatening heritage sites

Objectives: Slope stability analysis, slope hazard mapping, research of landslide process

mechanics, and risk assessment.

Study area: Geyser Valley, Kamchatka, Russia.

IPL-170 Project

Project Title: Landslide susceptibility and landslide hazard zonation in volcanic terrains

using Geographic Information System (GIS): A case study in the Rı́o Chiquito-barranca

Del Muerto watershed; Pico de Orizaba volcano, México

Country: Mexico
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Leader: Gabriel Legorreta Paulı́n

Period: 2010–2013

Status: completed

Main Project Fields: hazard mapping, vulnerability, and risk assessment

Objectives: Preparing a landslide inventory map and landslide susceptibility zonation for the

study area in GIS. Evaluating the performance of GIS-based slope stability models to select

the model that meets criteria for scientific accuracy, technical accessibility, and applicabil-

ity. Developing a method (protocol) for hazard assessment of potentially unstable

landforms with the designated mapping methodology for volcanic terrains.

Study area: Rı́o Chiquito-barranca Del Muerto watershed at Pico de Orizaba volcano,

México.

IPL-171 Project

Project Title: Study of the geotechnical characteristics of an unstable urban area of

Barranquilla (Colombia) severely affected for slope instabilities and soil volume changes

Country: Colombia

Leader: Guillermo Ávila

Period: 2010–2013

Status: completed

Main Project Fields: catastrophic landslides

Objectives: Studying the mechanical and mineralogical characteristics of the soils in an urban

area landslide and evaluating the effects of those characteristics in the instability problems

and severe volume changes that are observed. Analysing and understanding the effects of

moisture and suction changes in the microfabric and the related effects in the macro-structural

behaviour. Proposing remedial actions to reduce the magnitude and rates of the instabilities.

Study area: Mountain area of Barranquilla City, located in the North part of Colombia, near

the Caribbean Sea, covering a study area of about 60,000 m2.

IPL-172 Project

Project Title: Documentation, training, and capacity building for landslides risk management

Country: India

Leader: Surya Parkash

Period: 2011–

Status: ongoing

Main Project Fields: enhancing human and institutional capacity

Objectives: Documenting case studies on catastrophic landslides. Preparing a digital web-based

bibliography on landslides. Organizing trainings for enhancing capacity on landslides risk

management. Establishing mechanism for collection, compilation, and analysis of landslides

database. Disseminating information/knowledge/experience to end users.

Study area: Mainly implemented in different parts of India but may be extended for adjoining

countries like Bhutan and Nepal.

IPL-173 Project

Project Title: Croatian Virtual Landslide Data Center (CiViLdc)

Country: Croatia

Leader: Snježana Mihalić Arbanas

Period: 2011–

Status: ongoing

Main Project Fields: collating and disseminating information/knowledge

Objectives: Introducing systematic collection of data about landslides in Croatia in the form

of a database aimed at dissemination of information to wider society, primarily to public

and governmental entities. Specific objectives are as follows: a) Development of a web-

based landslide database; b) Collection of data about past and present landslides in Croatia;
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and c) Organization of presentations of Croatian virtual data center to governmental entities

so as public offering.

Study area: All of Croatia.

IPL-175 Project

Project Title: Development of landslide risk assessment technology and education in Vietnam

and other areas in the Greater Mekong Sub-region

Country: Japan, Viet Nam

Leader: Kyoji Sassa, Doan Minh Tam

Period: 2012–

Status: ongoing

Main Project Fields: hazard mapping, vulnerability, and risk assessment

Objectives: Contributing to landslide disaster reduction along main transport arteries and on

residential areas through study on effective application of new technology on forecast,

monitoring, and treatment of landslides in Vietnam and other areas in the Greater Mekong

Sub-region in close cooperation with Japanese universities and also ICL. The following

targets are expected: a) Development of landslide risk assessment technology suitable for

the targeted areas in Vietnam; b) Capacity development for research on landslide risk

identification and hazard mapping; and c) Social application over the regions.

Study area: Vietnam, Japan, countries in the Greater Mekong Sub-region (e.g. Laos and

Myanmar).

IPL-176 Project

Project Title: Slope data acquisition along highways in Sabah State for hazard assessment and

mapping

Country: Malaysia

Leader: Che Hassandi Abdullah

Period: 2012–2013

Status: completed

Main Project Fields: monitoring and early warning; hazard mapping, vulnerability, and risk

assessment

Objectives: Establishing spatial and non-spatial database for slope assessment and mapping.

Producing hazard and risk mapping. Providing a “decision support system” for slope

maintenance programme. Identifying potential problematic area.

Study area: The approved man-made slopes situated along the selected 22 Federal routes in

the State of Sabah, Malaysia.

IPL-177 Project

Project Title: Study on geological disasters focusing on landslides in and around Tegucigalpa

City, Honduras

Country: Honduras

Leader: Anı́bal Godoy

Period: 2012–2013

Status: completed

Main Project Fields: enhancing human and institutional capacities

Objectives: Capacity building on landslide inventory and hazard mapping in and around the

Tegucigalpa City, supported and cooperated by JICA Experts. The outline of the project is

as follows: a) constructing landslide database on landslide in and around Tegucigalpa,

capital city of Honduras; b) landslide interpretation using stereo viewer at workshop

associated with field researching; c) guidance for judgment of danger of landslides for

making hazard mapping using AHP methodology; and d) description and total evaluation

on landslides and related factors (natural and social) using GIS technology.

Study area: UPI and Tegucigalpa city and surroundings, Honduras.
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IPL-179 Project

Project Title: Database of glacial lake outburst floods (GLOFs)

Country: Czech Republic

Leader: Adam Emmer, Vit Vilı́mek

Period: 2012–

Status: ongoing

Main Project Fields: vulnerability and risk assessment; collating and disseminating informa-

tion/knowledge

Objectives: Creating broadly available overview of GLOFs and providing basic information

about them. This database can show some regional differences as well. Understanding them

can help us to create an optimal regional method of GLOF hazard assessment.

Study area: Online database including information about GLOFs appearing all over the world

in the past 150 years. Verification of methods and field experiences in the mountain range

of Cordillera Blanca (Peru).

IPL-180 Project

Project Title: Introducing community-based early warning system for landslide hazard

management in Cox’s Bazaar Municipality, Bangladesh

Country: Thailand

Leader: N.M.S.I. Arambepola

Period: 2011–2012

Status: completed

Main Project Fields: monitoring and early warning; landslide hazard and risk management in

urban areas; enhancing human and institutional capacities

Objectives: Facilitating the preparation of landslide inventory and landslide hazard zonation

maps for the city. Development of precipitation thresholds. Establishment of community

level early warning system. Creating community awareness on landslide preparedness and

mitigation measures.

Study area: The Municipality of Cox’s Bazaar covers an area of 21 km2. It is located between

21024’ and 21036’ north latitudes and between 91059’ and 92008’ east longitudes. It is
bounded by Chittagong district on the north, Bay of Bengal on the south, Bandarban

district, Arakan (Myanmar), and the Naf River on the east, and the Bay of Bengal on the

west. According to the population census 2001, the total population of Cox’s Bazaar

Municipality is 51918.

IPL-181 Project

Project Title: Study of slow moving landslide Umka near Belgrade, Serbia

Country: Serbia

Leader: Biljana Abolmasov

Period: 2012–

Status: ongoing

Main Project Fields: monitoring and early warning

Objectives: Continual monitoring of the proposed case study area by combining different

monitoring techniques. Aiding decision-making and mitigation measures design for this

particular case study.

Study area: The study area is located at the right bank of Sava River, on the meandering apex,

crossing the landslide Umka, near the City of Belgrade, Serbia.
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IPL-182 Project

Project Title: Characterization of landslides mechanisms and impacts as a tool to fast risk

analysis of landslides related disasters in Brazil

Country: Brazil

Leader: Renato Eugenio de Lima

Period: 2012–

Status: ongoing

Main Project Fields: hazard mapping, vulnerability, and risk assessment; landslide hazard

risk management in urban areas; preparedness.

Objectives: To study the Brazilian disasters related to landslides. Mapping the distribution of

types of mass movements all around Brazil. Classifying the most destructive landslides in

Brazil. Offering scientific knowledge to facilitate the preparation and response of landslide

disasters. Developing and improving methodologies for rapid landslide analysis useful in

disasters.

Study area: The project aims to evaluate all the most prone landslide areas in Brazil and is

planned to develop detailed studies in the States of Paraná, Rio de Janeiro, and Santa

Catarina.

IPL-183 Project

Project Title: Landslides in West Africa: impacts, mechanism, and management

Country: Nigeria

Leader: Igwe Ogbonnaya

Period: 2012–

Status: ongoing

Main Project Fields: monitoring and early warning; hazard mapping, vulnerability, and risk

assessment; landslide hazard and risk management in urban areas; enhancing human and

institutional capacities; preparedness

Objectives: Studying the impacts and mechanisms of West African landslides in West Africa.

Mapping the distribution and types of mass movements all around the sub-region. Devel-

oping a landslide inventory using aerial photograph interpretation, satellite data, and

fieldwork, including historical data surveying and analyses. Classifying catastrophic

landslides in West Africa. Promoting research and education geared towards facilitating

the preparedness and response to landslide events. Improving and installing early warning

systems at vulnerable locations in the region.

Study area: Region of West Africa.

IPL-184 Project

Project Title: Study of landslides in flysch deposits of North Istria, Croatia: sliding

mechanisms, geotechnical properties, landslide modeling, and landslide susceptibility

Country: Croatia

Leader: Željko Arbanas

Period: 2012–

Status: ongoing

Main Project Fields: hazard mapping, vulnerability, and risk assessment; collating and

disseminating information/knowledge; preparedness; mitigation

Objectives: Study of triggering factors and landslides mechanisms of instabilities in flysch

formations in North Istria, Croatia. Laboratory analyses of soil materials from flysch

deposits using ring shear apparatus. Modelling of typical instabilities in flysch deposits:

back analyses. Identification of conditions that caused landslides in flysch deposits.

Recommendations for landslides susceptibility and hazard mapping in flysch areas.

Study area: Flysch Paleogene Basin in the North part of the Istria Peninsula, Croatia.
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IPL-185 Project

Project Title: Landslide hazards assessment and modeling sediment yield of landslides using

Geographic Information System (GIS): A case study in the Rı́o El Estado on the SW flank

of Pico de Orizaba volcano, Puebla-Veracruz, Mexico

Country: Mexico

Leader: Gabriel Legorreta Paulı́n

Period: 2013–

Status: ongoing

Main Project Fields: hazard mapping, vulnerability, and risk assessment

Objectives: Preparing a landslide inventory map for the study area in GIS. Preparing a hazard

map for the study area in GIS. Estimating the potential total material delivered to the main

stream drainage channel by all landslides in the catchment.

Study area: Rı́o El Estado watershed at Pico de Orizaba volcano, México.

IPL-186 Project

Project Title: Rock-fall hazard assessment and monitoring in the archaeological site of Petra,

Jordan

Country: Italy

Leader: Claudio Margottini

Period: 2013–

Status: ongoing

Main Project Fields: monitoring and early warning; hazard mapping; landslides threatening

heritage sites; enhancing human and institutional capacities; preparedness; mitigation

Objectives: Identifying potential detectable unstable areas in the Siq and other sites by means

of field engineering geological techniques. Carrying out long-term monitoring of selected

unstable Siq slope portions, by means of a set of monitoring methods (from remote to field)

to define the most suitable and reliable techniques for different geomorphological settings.

Providing guidelines for sustainable landslide mitigation and management for the entire

park. Improving knowledge of local authorities for the identification of unstable areas,

monitoring of the site, and design and implementation, following international standards, of

landslide mitigation works/strategies (e.g. monitoring, field analysis).

Study area: Archaeological Park of Petra, Jordan.

IPL-187 Project

Project Title: Design and validation of an early warning system for landslides—DeVEL

Country: Germany

Leader: Rolf Katzenbach

Period: 2013–

Status: ongoing

Main Project Fields: monitoring and early warning; catastrophic landslides; enhancing

human and institutional capacities; collating and disseminating information/knowledge;

preparedness

Objectives: Designing and validating an early warning system which can give information on

the risk of expectable landslides, especially in areas of former mining activities. To achieve

a reliable early warning system (EWS), sensor and observation technology has to be

connected with the modelling of the processes which occur during landslides and immedi-

ately prior to them.

Study area: Germany, Switzerland.
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IPL-188 Project

Project Title: Study of slow moving landslide Potoška planina (Karavanke Mountain, NW

Slovenia)

Country: Slovenia

Leader: Marko Komac

Period: 2013–

Status: ongoing

Main Project Fields: monitoring and early warning; catastrophic landslides; collating and

disseminating information/knowledge; preparedness; mitigation; recovery

Objectives: Continual monitoring of the site Potoška planina where GPS and radar interfer-

ometry (PSI) measurements are already installed; combining these with different in situ

monitoring techniques. Improving our understanding of the causes of ground failure and

assessing the dynamics of the landslide for the purpose of mitigation measures design.

Study area: The landslide at Potoška Mt. (~1300 m a.s.l, NW Slovenia), located above

settlement Koroška Bela with approximately 2,000 inhabitants, public infrastructure, and

heavy (steel) industry.

Overview of the World Centres of Excellence on Landslide
Risk Reduction 2011–2014

Objectives of WCoE are threefold, i.e. to:

– Strengthen the International Programme on Landslides (IPL) and the IPL Global Promotion

Committee (IPL-GPC);

– Create “A Global Network of entities contributing to landslide risk reduction”; and
– Improve the global recognition of “Landslide Risk Reduction” and its social-economic

relevance, and entities contributing to this field.

The 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) which meet the following two conditions:

– Contributing to “Risk Reduction for Landslides and Related Earth System Disasters”;
– Willing to support IPL intellectually, practically, and financially by either joining ICL or

contributing to IPL-GPC and promote “landslide research and risk reduction” on a regional
and/or global scale in a mutually beneficial manner.

The application of World Centre of Excellence in Landslide Risk Reduction for the period

2011–2014 was called on December 3, 2010. The received applications were evaluated by the

before-mentioned objectives and criteria and furthermore identified through the following

steps of screenings: eligibility examination by ICL Secretariat; technical evaluation by the IPL

Evaluation Committee; and evaluation from wider scope and endorsement by the Independent

Panel of Experts consisting of five members from UNESCO, UNU, ICSU, a Landslide expert,

and a Disaster Reduction expert. Finally, the recommended 15 candidates for the World

Centre of Excellence (WCoE) in Landslide Risk Reduction 2011–2014 were reported and

approved by the IPL-Global Promotion Committee at its 6th Session, and inaugurated on the

opening ceremony of the Second World Landslide Forum held in Rome on October 3, 2011.

During the period between the two World Landslides Forums (WLF2 in Rome 2011 and

WLF3 in Beijing 2014) altogether 15 WCoEs were active (Table 2). The countries having an

active WCoE are shown in Fig. 1. It follows a short presentation of each of the WCoE

2011–2014 in an alphabetical order of WCoE’s country.
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1. WCoE “Canadian Landslide Loss Risk Reduction Strategy and implementation”
Country: Canada

Institution: Geological Survey of Canada, Earth Sciences Sector, Natural Resources Canada,

Ottawa, Ontario

Leader: Peter Bobrowsky

Activity scale/targeted region: National/Canada.

Objectives: The Geological Survey of Canada is coordinating a multi-partner effort to publish

a series of technical best practice guidelines for engineers, geologists, geotechnical experts,

and other professionals dealing with mitigating the impact of landslide hazards in Canada.

A companion non-technical landslide guideline for the Canadian public and other non-

professionals is also being produced. Aims are to reduce landslide losses.

Table 2 An alphabetical overview of the 15 World Centres of Excellence, inaugurated at the World Landslide Forum 2 in Rome in October 2011

for the period 2011–2014

Nr. WCoE title

WCoE

leader Country Institution

1. Canadian Landslide Loss Risk Reduction Strategy

and Implementation

Peter

Bobrowsky

Canada Geological Survey of Canada, Earth Sciences

Sector, Natural Resources Canada, Ottawa,

Ontario

2. Risk Assessment and Disaster Mitigation Code for

Long Run-out Landslides

Yueping

Yin

China China Geological Survey (CGS), Beijing

3. Scientific research for landslide risk analysis and

international education for mitigation and

preparedness

Vit Vilı́mek Czech

Republic

Faculty of Science, Charles University, Prague

4. Training, Research and Documentation on

Landslides Risk Management

Surya

Parkash

India National Institute of Disaster Management

(NIDM), New Delhi

5. Development of Community-based and Most

Adaptive Technology for Landslide Risk Reduction

Dwikorita

Karnawati

Indonesia Universitas Gadjah Mada, Yogyakarta

6. Research on landslide risk management

harmonisation in support to European Union policy

making

Javier

Hervás

Italy Institute for Environment and Sustainability, Joint

Research Centre (JCR), European Commission,

Ispra

7. Advanced Technologies for Landslides Nicola

Casagli,

Filippo

Catani

Italy Department of Earth Science, University of

Florence, Florence

8. Development of a methodology for risk reduction of

earthquake-induced landslides

Keizo Ugai Japan The Japan Landslide Society (JLS), Tokyo

9. Risk identification and land-use planning for disaster

mitigation of landslides

Hideaki

Marui

Japan Research Institute for Natural Hazards and

Disaster Recovery, Niigata University, Niigata

10. Landslide monitoring and community based early

warning systems

Irasema

Alcántara-

Ayala

Mexico National Autonomous University of Mexico

(UNAM), Mexico

11. Research on mitigation of landslide risk and training

of specialists

Farrokh

Nadim

Norway International Centre for Geohazards (ICG), Oslo

12. Annual Summer School on Rockslides and Related

Phenomena in Kyrgyzstan

Alexander

Strom

Russia

and

Kyrgyz

Republic

Institute of Geosphere Dynamics (IGD) of

Russian Academy of Sciences (RAS), Moscow

and Institute of Seismology, National Academy of

Sciences, Bishkek

13. Mechanisms of landslides in over-consolidated clays

and flysch

Bojan

Majes, Ana

Petkovšek

Slovenia Faculty of Civil and Geodetic Engineering,

University of Ljubljana (UL FGG), Ljubljana

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 (ADCP),

Bangkok

15. Scientific Research for Landslide Hazard Analysis Peter Lyttle USA U.S. Geological Survey Landslide Programme,

Reston, Virginia
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2. WCoE “Risk Assessment and Disaster Mitigation Code for Long Run-out Landslides”
Country: China

Institution: China Geological Survey (CGS), Beijing

Leader: Yueping Yin

Activity scale/targeted region: National/China and Regional/Southeast Asia and East Asia.

Objectives: Starting research on Risk Management of Long Run-out Landslides. Developing

a visualized real-time monitoring system. Developing a method for estimation of run-out

distances under China conditions. Finishing the Risk assessment guidebook for long run-

out landslides. Mending the landslide risk mitigation code. Sharing experiences with some

East and Southeast Asia countries.

3. WCoE “Scientific research for landslide risk analysis and international education for

mitigation and preparedness”
Country: Czech Republic

Institution: Faculty of Science, Charles University, Prague

Leader: Vit Vilı́mek

Activity scale/targeted region: Global/Target regions: Intercontinental (South America,

Africa, Europe), Regional (Central Andes, East African Rift, Central Europe), and National

(various localities in Bohemian Massif and Western Carpathians).

Objectives: Strengthening the International Programme on Landslides (IPL) through land-

slide process analysis with regard to landscape evolution; evaluation of mass movements in

overall hazard and risk assessment in connection with environmental changes (including

climatic ones). Creating a network among entities contributing to landslide risk reduction

(South America, Africa, and Europe). Establishing the bottom-up local Disaster Manage-

ment Units in those regions.

4. WCoE “Training, research and documentation on landslides risk management”
Country: India

Institution: National Institute of Disaster Management (NIDM), New Delhi

Leader: Surya Parkash

Activity scale/targeted region: National and Regional.

Objectives: Training on landslide hazard zonation mapping, risk assessment, development of

early warning system for landslides, and preventive and remedial measures for landslides

risk reduction. Networking, linkage, and coordination of organizations, individuals, and

resources for mainstreaming landslide risk management. Integrating landslide risk man-

agement with focus on multi-hazard perspective, developmental process, public safety, and

protection/conservation of resources and environment. Research on community-based

landslides risk management and development of suitable guidelines for landslides manage-

ment at community level. Documentation of good and bad practices with respect to

landslides management in hills.

5. WCoE “Development of community-based and most adaptive technology for landslide risk

reduction”
Country: Indonesia

Institution: Universitas Gadjah Mada, Yogyakarta

Leader: Dwikorita Karnawati

Activity scale/targeted region: Intercontinental, Regional, and Local.

Objectives: Community empowerment with respect to community-based disaster risk reduc-

tion in landslide vulnerable area by integrating technical and social networks of landslide

early warning system. Implementation of student community service programme to support

community-based landslide disaster risk reduction.
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6. WCoE “Research on landslide risk management harmonisation in support to European

Union policy making”
Country: Italy

Institution: Institute for Environment and Sustainability, Joint Research Centre (JCR), Euro-

pean Commission, Ispra

Leader: Javier Hervás

Activity scale/targeted region: Continental/Europe.

Objectives: The main objective is to develop guidelines, procedures, and models for the

generation of harmonized landslide databases and susceptibility and hazard zonation maps

in support to European Union (EU) policymaking, including legislation and policy actions.

In order to meet these objectives we will continue our current research on these topics in

collaboration with the European Landslide Expert Group members, and Geological

Surveys, research institutes, and universities in Europe.

7. WCoE “Advanced technologies for landslides”
Country: Italy

Institution: Department of Earth Science, University of Florence, Florence

Leader: Nicola Casagli, Filippo Catani

Activity scale and targeted region: Global.

Objectives: Further developing advanced technologies with special emphasis on remote

sensing for the assessment and mitigation of landslide risk. In particular the project will

focus on the development of Earth Observation (EO) methods useful for applications on

landslides such as a) remote sensing technologies for landslide detection, monitoring and

rapid mapping; b) coupling of short-term weather forecasting with geotechnical modelling

for shallow landslide prediction; and c) evaluation and development of reliable procedures

and technologies for early warning.

8. WCoE “Development of a methodology for risk reduction of earthquake-induced

landslides”
Country: Japan

Institution: The Japan Landslide Society (JLS), Tokyo

Leader: Keizo Ugai

Activity scale and targeted region: National/Japan and Regional.

Objectives: Clarifying the mechanism of the earthquake-induced landslides on the basis of

investigating types, dimensions, distributions, and run-out distances of the landslides and

analysing relations to the seismicity and geology. Making up appropriate technical

guidelines including a methodology for risk reduction of the earthquake-induced

landslides, applied to high-risk areas in the world.

9. WCoE “Risk identification and land-use planning for disaster mitigation of landslides”
Country: Japan

Institution: Research Institute for Natural Hazards and Disaster Recovery, Niigata University,

Niigata

Leader: Hideaki Marui

Activity scale/targeted region: Global and Intercontinental.

Objectives: Developing land-use planning methodology in order to reduce landslide disasters

through the basic scientific study of mechanism as well as risk identification on landslide

occurrence and the practical study of land-use planning. Appropriate landslide hazard maps

and land-use guidelines will be formulated for the targeting regions and countries.

10. WCoE “Landslide monitoring and community based early warning systems”
Country: Mexico

Institution: National Autonomous University of Mexico (UNAM), Mexico City

Leader: Irasema Alcántara-Ayala
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Activity scale and targeted region: National/Mexico.

Objectives: Evaluating the impact of landsliding in Mexico. Instrumentation and monitoring

of a hillside in a vulnerable community, situated in the province of Puebla (Teziutlán

municipality), which has been severely damaged by landslides in the last years. Developing

a community-based warning system for Teziutlán that can be used for other areas affected

by landslides.

11. WCoE “Research on mitigation of landslide risk and training of specialists”
Country: Norway

Institution: International Centre for Geohazards (ICG) at Norwegian Geotechnical Institute

(NGI), Oslo

Leader: Farrokh Nadim

Activity scale and targeted region: Global.

Objectives: Develop appropriate methods for the assessment of landslide hazards and risk and

web-based tools for the evaluation of the impact of major landslides. Develop methodologies

to assist decision makers in dealing with landslide risk management. Coordinate an EU

project related to effects of global change on landslide risk in Europe and adaptation

strategies. Education and training of international postgraduate students and specialists.

12. WCoE “Annual Summer School on Rockslides and Related Phenomena in Kyrgyzstan”
Country: Russia and Kyrgyz Republic

Institution: Institute of Geosphere Dynamics (IGD) of Russian Academy of Sciences (RAS),

Moscow, and Institute of Seismology, National Academy of Sciences, Bishkek

Leader: Alexander Strom

Activity scale/targeted region: Global.

Objectives: Organization of annual training course for students and young landslide

researchers, focused on the morphologies of large-scale bedrock landslides and rock

avalanches and on the internal structure of their deposits.

13. WCoE “Mechanisms of landslides in over-consolidated clays and flysch”
Country: Slovenia

Institution: Faculty of Civil and Geodetic Engineering, University of Ljubljana, Ljubljana

(UL FGG)

Leader: Bojan Majes, Ana Petkovšek

Activity scale and targeted region: National/Slovenia.

Objectives: Determining the role of suction and viscosity in flysch landslide dynamics. Using

detailed field monitoring data on weathering factors, and field and laboratory data on soil

characteristics (water content, suction, viscosity at different shear rate), new functional

relationship between water content, shear stress, and suction for flysch landslides will be

developed.

14. WCoE “Promoting knowledge, innovations and institutions with South-South focus

through a regional network of Landslide Risk Reduction”
Country: Thailand

Institution: Asian Disaster Preparedness Center (ADCP), Bangkok

Leader: N.S.M.I. Arambepola

Activity scale and targeted region: Regional/Asia.

Objectives: Promoting good practices for early warning for landslide prone areas in a

changing climate scenario to save lives and property. Specific objectives are a) promoting

the concept of landslide monitoring and early warning in countries in Asia through the

activities of the network; b) presenting methodologies pertaining to establishing precipita-

tion threshold values for landslides in different geological materials through pilot initiatives

in partner countries; c) providing inputs to local and regional multi-hazard platforms for

early warning; d) facilitating a dialogue among landslide risk reduction practitioners,
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policymakers, academia, and disaster management community through organization of

networking events for enhancement of knowledge on Landslide Risk Reduction among all

existing network partners (around 16 different universities, research institutions, and

government agencies in Southeast and South Asia); and e) supporting learning

opportunities for partners in higher education.

15. WCoE “Scientific Research for Landslide Hazard Analysis”
Country: USA

Institution: U.S. Geological Survey Landslide Programme, Reston, Virginia

Leader: Peter Lyttle

Activity scale and targeted region: Global and Intercontinental.

Objectives: Performing analysis and development of landslide, rock-fall, and debris-flow

models and real events, using rainfall thresholds, real-time monitoring, field analysis for the

United States, and in cooperation with other nations. Multi Hazards Demonstration Project

(MHDP) for California, USA, using landslide science to improve resilience of communities

to natural disasters including earthquakes, tsunamis, wildfires, landslides, floods, and

coastal erosion. Hazard assessments, susceptibility, and warning for Post-wildfire Debris

Flow Hazards in the United States. Cooperating for emergency response and analysis of

earthquake-induced landslides, which have included Haiti, China, Pakistan, and others, and

which will be continued in the future as needed.
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Plenary: Progress of Living with Landslide Risk
in Europe

Farrokh Nadim, Bjørn Kalsnes, and Anders Solheim

Abstract

The need to protect people and property with a changing pattern of landslide hazard and

risk caused by climate change and changes in demography, and the reality for societies in

Europe to live with the risk associated with natural hazards, were the motives for the

research project “SafeLand” on landslide risk in Europe.

One of the main aims of the SafeLand project was to produce practical tools and

guidelines for stakeholders and end-users of various backgrounds. These products are a

mixture of state-of-the-art practices and the results of new and innovative research. The

main achievements and products of SafeLand were:

• Various guidelines related to landslide triggering processes and run-out modelling.

• Development and testing of several empirical methods for predicting the characteristics

of threshold rainfall events for triggering of precipitation-induced landslides, and

development of an empirical model for assessing the changes in landslide frequency

(hazard) as a function of changes in the demography and population density.

• Guidelines for landslide susceptibility, hazard and risk assessment and zoning.

• New methodologies for physical and societal vulnerability assessment for different

categories of elements at risk.

• Identification of landslide hazard and risk hotspots for Europe.

• Different regional and local climate model simulations over selected regions of Europe

at spatial resolutions of 10 � 10 km and 3.8 � 3.8 km.

• Guidelines for use of remote sensing techniques, monitoring and early warning systems.

• Development of a prototype web-based “toolbox” of innovative and technically appro-

priate prevention and mitigation measures.

• Case histories of well-documented landslides.
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• Research on stakeholder workshops and participatory processes to involve the popula-

tion exposed to landslide risk in the decision-making process for choosing the most

appropriate risk mitigation measure(s).

• Estimates of changes in landslide hazard and spatial distribution of population at risk in

Europe due to climate change, changes in land use, and demographic changes in the

twenty-first century.

The results of the SafeLand project have provided educators, researchers, stakeholders

and authorities with state-of-the-art knowledge and improved access to a landslide risk

management system for increased safety and cost-effectiveness. The SafeLand project

deliverables are expected to help provide the basis for future European directives in relation

to natural hazards. All the deliverables of the SafeLand project can be downloaded from the

project web site http://safeland-fp7.eu

Keywords

Landslide � Risk management � Early warning systems � Stakeholder participatory

processes

Background

Because of climate change and the changes in demography,

land use, exposure and vulnerability, the spatial pattern of

landslide risk in Europe is gradually changing. The effects of

global change on the evolution of landslide risk are

schematically shown on Fig. 1.

The changing pattern of landslide hazard and risk

requires a proactive risk management strategy. In areas

with high population density, protection works often cannot

be built because of economic or environmental constraints,

and it is not always possible to evacuate people because of

societal reasons. There are many initiatives at national and

local level in various European countries to improve land-

slide risk management. This paper focuses on a recent multi-

national European project named “SafeLand” that addressed
these issues. The changing pattern of landslide hazard and

risk, the need to protect people and property, the expected

climate change, the reality for society in Europe to live with

hazard and risk and the need to manage risk were the reasons

for initiating the project “SafeLand: Living with landslide

risk in Europe: Assessment, effects of global change, and

risk management strategies”.
SafeLand was a large, integrating research project with

total budget of 8.75 million Euros under the European

Commission’s 7th Framework Programme (FP7). It was

coordinated by the International Centre for Geohazards

(ICG) at Norwegian Geotechnical Institute (NGI), involved

27 partners from 12 European countries, and had interna-

tional collaborators and advisers from China, India, USA,

Japan and Hong Kong. SafeLand also had 25 End-Users

from 11 countries. The European partners in SafeLand are

listed in Table 1. In addition to the partners listed in Table 1,

SafeLand had an International Advisory Board comprised of

Dr. Peter Lyttle from USGS, Professor Hideaki Marui from

Niigata University in Japan and Dr. H.N. Wong, of Geotech-

nical Engineering Office of Hong Kong.

The SafeLand project had three main objectives (1) To

provide policy-makers, public administrators, researchers,

scientists, educators and other stakeholders with improved

harmonized framework and methodology for the assessment

and quantification of landslide risk in Europe’s regions;

(2) To evaluate the changes in risk pattern caused by climate

change, human activity and policy changes; and (3) To

provide guidelines for choosing the most appropriate risk

management strategies, including risk mitigation and pre-

vention measures. To achieve these objectives and address

the multitude of challenges in landslide risk assessment and

management, six research areas with specific objectives

were defined in SafeLand:

1. Landslide triggers and run-out

2. Quantitative risk assessment

3. Global change scenarios

4. Monitoring technology

5. Risk management

6. Database of landslide case studies

The work done in these research areas are described in the

project deliverables that can be downloaded from the project

web site http://safeland-fp7.eu

Policy Context of the SafeLand Project

The SafeLand project responded to a number of European

and international policies. In Europe, SafeLand supported

the EU Thematic Strategy for Soil Protection (Commission

of the European Communities 2006a) and the associated

Proposal for a Soil Framework Directive (Commission of

the European Communities 2006b). The EU Thematic
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Strategy considers landslides as one of the main soil threats

in Europe, and prompts for identification of areas at risk to

landslides in EU Member States using common

methodologies, as well as for risk reduction measures. On

the other hand, according to the Commission’s Communica-

tion entitled “A community approach on the prevention of

natural and man-made disasters” (Commission of the Euro-

pean Communities 2009), a better understanding of disasters

such as landslides is prerequisite for developing efficient

prevention measures. This requires e.g. inventories of infor-

mation on disasters and developing of guidelines on hazard

and risk mapping. These are important objectives of the

SafeLand project. The communication further states that

outcomes of the Seventh Framework Programme for

Research and Technological Development should be

directly implemented in European prevention approaches.

At the global level, SafeLand supported the UN Interna-

tional Strategy for Disaster Reduction (UNISDR). UNISDR

aims at building disaster resilient communities by promoting

increased awareness of the importance of disaster reduction as

an integral component of sustainable development, with the

goal of reducing human, social, economic and environmental

losses due to natural hazards and related technological and

environmental disasters. These disaster reduction efforts are

guided by “The Hyogo Framework for Action (HFA)

2005–2015: Building the resilience of Nations and

Communities to Disasters”, to which 168 governments agreed

in Hyogo, Kobe, Japan. The plan encourages local authorities

to identify landslide risk and vulnerabilities, establish hazard

maps and put in place effective monitoring systems. It also

recommends implementing protective engineering works,

urban planning strategies, environmental management and

community preparedness. The landslide hazard and exposure

mapping procedures developed in SafeLand have already

been applied in UNISDR’s Global assessment reports on

disaster risk reduction in 2011 and 2013 to assess the landslide

risk in Indonesia and El Salvador, respectively.

Reducing loss of life and property from natural and

human-induced disasters, including landslides, is one of the

objectives of GEOSS, the Global Earth Observation System

of Systems (2005–2015), currently constructed by the Group

on Earth Observations (GEO).

The need for riskmanagement strategies is further acknowl-

edged by the Intergovernmental Panel on Climate Change

(IPCC) who predicts an increase of the mean temperature as

Table 1 List of orgaslnisations in the SafeLand consortium

No. Partner name Country

1. International Centre for

Geohazards

Norway

2. Universitat Politecnica de

Catalunya

Spain

3. A.M.R.A. s.c.a.r.l. Italy

4. Bureau de recherches

géologiques et minières

France

5. Università degli Studi di Firenze Italy

6. International Institute for

Applied Systems Analysis

Austria

7. Joint Research Centre Italy

8. Fundación Agustı́n de Betancourt Spain

9. Aristotle University of

Thessaloniki

Greece

10. Universita’ degli Studi di
Milano—Bicocca

Italy

11. Max-Planck-Gesellschaft zur

Förderung der Wissenschaften

e.V.

Germany

12. Centro Euro-Mediterraneo per i

Cambiamenti Climatici s.c.a.r.l.

Italy

13. Studio Geotecnico Italiano S.r.l. Italy

14. University of Salerno Italy

15. International Institute for Geo-

information Science and Earth

Observation—United Nations

University (ITC-UNU)

Netherlands

16. Eidgenössische Technische

Hochschule Zurich

Switzerland

17. Université de Lausanne Switzerland

18. C.S.G. S.r.l. Centro Servizi di

Geoingegneria

Italy

19. Centre National de la Recherche

Scientifique

France

20. King’s College London United Kingdom

21. Geologische Bundesanstalt

(Geological Survey of Austria)

Austria

22. Ecole Polytechnique Fédérale de

Lausanne

Switzerland

23. TRL Limited UK

24. Geological Institute of Romanian Romania

25. Geological Survey of Slovenia Slovenia

26. Risques & Développement France

27. Central Recherche S.A. France

IIT-Roorkee (India) and Chengdu University of Technology (China)

participated as subcontractors to, respectively, ICG and ITC-UNU

Fig. 1 Schematic diagram: Evolution of landslide risk caused by

changes in vulnerability, frequency of landslides (hazard) and exposure

of elements at risk

Plenary: Progress of Living with Landslide Risk in Europe 5



well as a change in rainfall patterns in the future, leading to

potential increased instability of slopes especially in mountain

and permafrost areas. In many global change scenarios, it is

expected that more people will be exposed to landslide hazard.

Therefore IPCC recently published a special report on “Man-

aging the Risks of Extreme Events and Disasters to Advance

Climate Change Adaptation”.
In Europe, there is a general lack of legislative tools to

reduce the risk posed by natural hazards, partly because of

the risk complexity of the risk governance aspect. A notable

exception to this judicial gap is the Floods Directive adopted

by the European Commission in 2007. Member states have

been asked to do flood risk assessment and develop maps to

support flood risk management plans. This only constitutes a

first step towards enhanced assessment and mapping

methodologies for natural hazard risks, with a second stage

planning effort foreseen in 2021.

SafeLand has developed the tools for landslide hazard

and risk assessment and mapping at various scales. These

tools will be available to end-users and their consultants

when such assessment becomes a requirement through a

national law or an EC Directive.

Quantification of Landslide Hazard

Overview of Existing Procedures

A first and necessary step towards the harmonization and

development of new procedures was the review of the

actual official practices at European level, as applied by

geological surveys, administration offices and decision

makers (hazard and risk assessment procedures, regulations

and codes) (Corominas et al. 2012). The compilation of this

information is useful for people managing landslide risk,

practitioners interested in the currently applied procedures

in their country or region, and researchers and scientists

investigating the current state of the art. It also serves as a

basis for detecting inconsistencies between methodologies

and gaps of knowledge before dealing with new procedures

and recommendations. The reported countries and

territories were Andorra, Austria, France, Italy (selected

river basins from southern, central and northern Italy),

Norway, Romania, Spain (Catalonia), Switzerland and

United Kingdom. The comparison of the various

methodologies used in Europe indicated discrepancy in

terminology, diversity of criteria for addressing the differ-

ent landslide mechanisms, lack in considering the effect of

hazard amplification due to the spatial superposition of

different types of instabilities, as well as of the synergistic

action of other natural phenomena (i.e. earthquake) where

applicable. Lack of well-established quantitative risk

assessment methods for landslides, especially in

comparison with landslide hazard and susceptibility assess-

ment methods, is outlined in SafeLand deliverable D2.1.

For the harmonization of the methodologies and outputs

for susceptibility, hazard and risk, some important points are

the following: All relevant information and documents

should be accessible to the experts and to the public. Digiti-

zation of the maps will make them available online, allowing

their reproducibility and, more importantly, the possibility

of being updated. The methodologies for the assessment of

the susceptibility and hazard should be transparent and

reproducible. The use of step-by-step analytical or weighted

factors techniques, in order to minimize the uncertainties

that relate to judgmental approaches and the homogenization

of hazard matrices are recommended. So far, there is signifi-

cant disparity among them, in particular with respect to the

hazard parameters, levels and thresholds used. Depending on

the mapping scale and given that the quantitative informa-

tion in probabilistic terms offers an objective insight to

hazards and risks, when feasible, it is necessary to work on

quantitative methodologies in order to minimize the

uncertainties that derive from expert judgments and qualita-

tive considerations.

Triggering of Precipitation-Induced Landslides
and Their Run-Out

As mentioned earlier, one of the main goal of SafeLand was

to assess the impact of climate change on landslide hazard in

Europe. To achieve this goal, considerable work was done

on developing models for the prediction of precipitation-

induced landslides. Part of this research focused on the

statistical and empirical models for triggering of landslides,

an essential input for most landslide early warning systems.

The empirical models developed in SafeLand built on the

datasets collected in the following sites: Barcelonnette in

France; La Frasse in Switzerland; Satriano, Verzino and

Sarno in Italy; and south-eastern and western regions of

Norway. The results showed that the initial moisture

conditions, essentially governed by precedent precipitations,

must be accounted for the evaluation of the triggering

conditions. In many cases, the contribution of snow melt

can be significant. Hydraulic conductivity and thickness of

soil covers can have a strong influence on the features of

triggering weather events. The thresholds for landslide trig-

gering are affected by long-term precipitations in areas that

are covered by deep deposits of fine-grained soils, while they

are controlled by short-term precipitations in areas with

shallower deposits of coarse-grained soils. Concerning

thresholds of landslides in rocks, freeze-thaw effects should

be accurately taken into account.

Another part of SafeLand research examined the land-

slide run-out models that are suitable for hazard assessment.
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A correct evaluation of the hazard zone requires the knowl-

edge of the terrain surface that can be run over by the

landslide mass. Another useful output of the run-out models

is the velocity of the landslide body, a fundamental parame-

ter for assessing the vulnerability of exposed elements (and

consequent risk), and designing structural defence systems.

The relevant SafeLand deliverables provide a comprehen-

sive review of both analytical and empirical models, includ-

ing available software, which could be used to solve the

problem; and summarise the available methods for analysis

of triggering and run-out with indication of advantages and

limits of every one.

Landslides Triggered by Anthropogenic Factors

One of the main objective of SafeLand was to improve our

knowledge about the impact of human activities on increasing

or decreasing the landslide hazard. Landslides are triggered

by both natural and human-induced changes in the environ-

ment. Human-induced landslides may result from changes in

slope caused by terracing for agriculture, cut-and-fill con-

struction for highways, construction activity, mining

operations, rapid draw-down of dams, changes in land cover

such as deforestation, and changes in irrigation or surface

runoff. For example, Fig. 2 shows the seasonal distribution

of large clay slides in Norway during an 80-year period and

the proportion that were triggered by human activity.

Development of an innovation empirical model for

assessing the changes in landslide frequency (hazard) as a

function of changes in the demography and population density

was one of the main achievements of SafeLand. This empiri-

cal model and illustrative case histories of human-induced

landslides are described in SafeLand deliverable D1.6.

Experiences in China and India

To take advantage of similar experiences outside Europe, a

workshop was organised in the Chengdu University of Tech-

nology in April 2010, with the aim to assess the state of art of

landslide hazard and risk assessment in the P.R. of China. For

achieving this objective, Chinese experts in landslide hazard

and risk assessment were invited to give presentations and

write a chapter for a report, which formed one of the

SafeLand deliverables. This deliverable was also published

as a book in China and included chapters on: Landslide

hazards in China: an overview; Landslide inventory mapping

in China; Remote sensing applications for landslide research

in China; Medium and large scale landslide hazard assess-

ment in China; Methods for local scale hazard assessment;

Landslide early warning and monitoring; Earthquake-

induced landslides; The case of Wenchuan earthquake.

The researchers in IIT-Roorkee produced a similar report

for SafeLand, providing an overview of landslide hazard and

risk assessment methodologies in India.

Landslide Databases

Given the importance of the quality of input data for the

landslide risk assessment, attention was also drawn to land-

slide databases. The issues related to these include inventory

maps and are linked with alphanumeric information, which

allow quantitative landslide hazard and risk assessment on

the condition that they contain information on the location of

landslide phenomena, typology, history, state of activity,

magnitude or size, failure mechanisms, causal factors and

the damage caused. The SafeLand studies made a detailed

review of existing national landslide databases in Europe

together with a number of regional databases. These

investigations showed that no national (or regional) land-

slide database in Europe contains all the information

required for doing quantitative risk assessment (QRA). The

SafeLand studies proposed improvements for delineating

areas at risk in agreement with the EU Soil Thematic Strat-

egy and its associated Proposal for a Soil Framework Direc-

tive, and for achieving interoperability and harmonisation in

agreement with INSPIRE Directive (as defined in INSPIRE

Thematic Working Group Natural Risk Zones, 2011, version

1.9; 29/04/2011), launched by the European Union. This

report was based on the analysis of replies to a detailed

questionnaire sent out to the competent persons and

organisations in each country, and a review of literature,

websites and main European legislation on the subject. The

relevant conclusions can be found in detail in Safeland

deliverable D2.3 and in Van Den Eeckhaut and Hervás

(2012). As currently no harmonised landslide databases are

available throughout Europe, suggestions for overcoming

the variability concerning language, structure, format and

accessibility are also given at the same deliverable (with

mention to the INSPIRE Directive and the preliminary data

specifications of Natural Risk Zones, including landslides, as

well as recommendations by the European Landslide Expert

Group). Thus, the work performed in SafeLand may serve as

Fig. 2 Seasonal distribution (by month) of large clay slides in Norway

during 1928–2009
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a platform for the construction of databases for the storage of

spatial data that are made available and maintained at the

most appropriate level. This would make it possible to com-

bine the information from different sources across the Com-

munity in a consistent way and share them among several

users and applications.

Recommended Practice for Hazard and Risk
Zonation

An important part of the work done in SafeLand was

providing recommendations for the quantitative assessment

of landslide susceptibility, hazard, vulnerability and risk, as

well as zoning. Procedures for verification and validation of

the results were also recommended. The recommended

methodologies mainly focus on approaches for the quantita-

tive assessment and zoning of landslide susceptibility, haz-

ard and risk at different scales, which were summarized from

recently published research work. Guidelines on how to

proceed from susceptibility to hazard, a topic that is seldom

addressed, are provided. Specific methodologies developed

during the SafeLand project were incorporated into the

guidelines. They mainly consist in new procedures for cal-

culating quantitative vulnerability, based on fragility curves

and for different landslide mechanisms (Mavrouli and

Corominas 2012; Fotopoulou and Pitilakis 2012; Smith

et al. 2012). Furthermore, a selection of the best-suited

procedures for verification of the models and validation of

the results are presented. The proposed procedures are

categorised according to the landslide type and the working

scale (site specific, local, regional and national). Particularly

important and innovative aspects of the work done in

SafeLand was the evaluation of the probability of occurrence

of different landslide types with certain characteristics, the

specific consideration of the elements at risk (persons,

buildings, infrastructures. . .) and their spatio-temporal prob-

ability of exposure, which could be directly incorporated in

the quantitative risk assessment (QRA) analysis. The respec-

tive document (SafeLand deliverable D2.4) is addressed to

scientists and practicing engineers, geologists and other

landslide experts.

Vulnerability to Landslides

Vulnerability assessment to landslides is a complex process

that must consider multiple dimensions and aspects of vul-

nerability, including both physical and socio-economic

factors. Physical vulnerability is a function of the intensity

and magnitude of the landslide hazard as well as of the

resistance levels of the exposed elements. However, the

vulnerability of a society and its resilience are also related

to factors such as demography, preparedness levels, memory

of past events, and institutional and non-institutional abilities

for handling natural hazards. Physical models are particularly

useful for estimating direct impacts (physical damages,

consequences) to landslides, while socio-economic models

are used (and developed) for indirect and intangible losses, i.

e. losses due to medium and long-term effects of the hazard

event mainly of social and economic nature. SafeLand

research attempted to establish both physical and socio-

economic vulnerability models related to landslides.

Regarding physical vulnerability, SafeLand research

dealt with the proposition and quantification of efficient

methodologies for assessing the physical vulnerability of

various elements at risk to different landslide hazards using

the concept of probabilistic fragility functions or indexes,

and appropriate definition of relevant damage states

(SafeLand deliverable D2.5). An attempt to distinguish

between different types of landslides and affected assets

(buildings, persons and infrastructures) was made. The

applicability of the developed methodologies depends on

few general parameters such as the landslide type, the typol-

ogy and classification of the exposed elements, the analysis

scale and the triggering mechanism (intense rainfall, earth-

quake). The main landslide movement types considered

were rockfalls, debris flows and slow moving landslides.

Four different analysis scales were considered: small

(1:100,000), medium (1:25,000), large (1:5,000) and

detailed/site-specific (1:2,000), requiring different criteria

to identify the elements at risk. Finally, various landslide

intensity parameters were considered (e.g. permanent dis-

placement, landslide velocity, volume of the landslide

deposit, impact force, kinetic energy, etc.) depending on

the landslide type, the element at risk and the scale of

analysis. Representative applications of the proposed physi-

cal vulnerability assessment models are provided in

SafeLand deliverable D2.7. Additionally, the investigation

of the physical vulnerability of roadways with respect to the

damage caused by debris flows was also carried out. Based

on a questionnaire, empirically-based fragility curves were

derived, relating flow volume to damage probabilities for

three different damage states (Smith et al. 2012).

Regarding social and economic vulnerability, the

SafeLand research focused on the development of an

indicator-based methodology to assess the social vulnerabil-

ity levels. The indicators represent the underlying factors

which influence a community’s ability to deal with, and

recover from the damage associated with landslides. The

proposed method includes indicators which represent the

demographic, economic and social characteristics, as well

as indicators representing the degree of preparedness and

recovery capacity. The purpose of the indicators is to set

priorities, serve as background for action, raise awareness,

analyse trends and empower risk management (SafeLand

deliverable D2.6). The proposed methodology was tested

for six locations in Europe, two in Norway and one each in

Greece, Andorra, France and Romania. The purpose of the
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case studies was to compare the vulnerability levels and to

test and possibly improve the proposed approach (Eidsvig

et al. 2012).

Tools and Guidelines for Landslide Risk
Management

One of the main aims of the SafeLand project was to produce

practical tools and guidelines for stakeholders and end-users

of various backgrounds. These products are a mixture of

state-of-the-art practices and the results of new and innova-

tive research. Some of the main products of SafeLand rele-

vant for landslide risk stakeholders and end-users are

presented below.

Quantitative Risk Assessment

In Europe, there is a need for developing efficient and

reliable tools on which support land use planning decisions,

civil protection plans and mitigation measures to manage

landslide risk. Either susceptibility maps showing the

existing or potential unstable areas or hazard maps that

further include the affected areas and the temporal probabil-

ity of occurrence, or risk maps that additionally incorporate

the severity of the consequences may be used to this end.

Although the first two map types are the most common so

far, latest global tendencies are shifting towards the consid-

eration of credible risk scenarios in which location, nature

and evaluation of damages can be fully analysed. Further-

more, zoning schemes tend to use quantified susceptibility,

hazard and risk assessments, meaning that qualitative

descriptive rankings (i.e. low to high) are replaced by the

annual probability (or frequency) of a given event of a given

magnitude/intensity and its consequences in numbers (finan-

cial, population of the affected exposed elements etc.).

As mentioned earlier, the SafeLand project developed

recommendations for landslide susceptibility, hazard and

risk assessment and zoning, to be used for the quantitative

assessment of the landslide hazard, vulnerability and risk, as

well as for the verification and validation of the results

(SafeLand Deliverable 2.4: Guidelines for landslide suscep-

tibility, hazard and risk assessment and zoning). The

recommended methodologies mainly focus on approaches

for the quantitative assessment and zoning of landslide sus-

ceptibility, hazard and risk at different scales. The proposed

procedures are categorised according to the landslide type

and the working scale (site specific, local, regional and

national). Particularly important and innovative aspects

have been the evaluation of the probability of occurrence

of different landslide types with certain characteristics, the

specific consideration of the elements at risk (persons,

buildings, infrastructures. . .) and their spatio-temporal

probability in order to be directly incorporated in the quanti-

tative risk assessment (QRA).

For demonstration of the given guidelines, examples of

the quantitative risk assessment QRA for different types of

landslides, at different scales and for various exposed

elements (buildings and people) were done in SafeLand. In

every case study, the risk was expressed using a variety of

metrics. Different landslide types such as deep-seated

landslides, debris slides, hyper-concentrated flow, and

rockfalls were studied at scales varying from site-specific

to regional. The innovative aspects involved the use of

remote sensing data and the incorporation of the vulnerabil-

ity in quantitative terms. Especially the latter has been rarely

considered in other methodologies.

Another important activity in SafeLand was the develop-

ment of toolboxes (set of precompiled computer routines)

that can be used by stakeholders, practitioners and other

interested parties for the quantitative evaluation of the key

components that are involved into the landslide zoning and

risk calculation (hazard, vulnerability of the exposed

elements. . .). Three toolboxes were prepared based on deter-
ministic or probabilistic approaches for the quantification of

the risk parameters. The tools serve for quantitative vulnera-

bility and risk assessment of buildings and protection

galleries exposed to rockfalls.

Standards for validation of both hazard and risk assess-

ment models were proposed for the quantification of the

reliability of the assessment (accounting for data vagueness

and uncertainties, “limited” knowledge on the physics of the
processes and taking into account the issue of the “mapping

unit”, independently of the scale), as well as the quantifica-

tion of the validity of the assessment (considering validation/

evaluation of the maps, robustness and accuracy of the

predicting systems and output types).

Given that for landslides, QRA procedures are not as well

established as for earthquakes and river floods, much of the

work in SafeLand was focused on improvement and develop-

ment of tools for landslide zoning and the provision of a

framework for quantitative risk assessment. Within this

framework the main activities were realized with reference

to: (i) the integration and regionalization of the information (in

particularly using modern data gathering techniques such as

ground-based terrestrial laser scanner, digital photogramme-

try, and remote sensing techniques such as DInSAR); (ii) the

improvement and development of procedures for quantifying

landslide susceptibility, frequency and intensity at different

scales and (iii) the improvement and development procedures

for QRA at different scales; (iv) validation of QRA schemes

and zoning maps; and (v) QRA analysis at hotspots in Europe.

The achievements of activities (i), (ii), (iii) and (v)

concerning the use of modern technologies and the develop-

ment of procedures for the landslide hazard and risk (with

emphasis on frequency and intensity assessment) are

presented in SafeLand deliverable D2.11. The deliverable
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presents examples of QRA for different types of landslides,

at different scales and for various exposed elements

(buildings and people). For every case-study, the risk is

expressed using a variety of risk metrics. Different landslide

types such as deep-seated landslides, debris slides, hyper-

concentrated flows, and rockfalls are studied at scales vary-

ing from site-specific to regional are considered in the case

studies. The innovative aspects involve the use of remote

sensing data and the incorporation of vulnerability in quan-

titative terms. Especially the latter has been rarely consid-

ered so far by other methodologies.

Another SafeLand contribution to QRA for landslides

was the improvement and development of toolboxes (set of

precompiled computer routines) that can be used by

stakeholders, practitioners and other interested parties for

the quantitative evaluation of the key components that are

involved into the landslide zoning and risk calculation (haz-

ard, vulnerability of the exposed elements. . .). Three

toolboxes were prepared based on deterministic or probabi-

listic approaches for the quantification of the risk

parameters. The tools serve for (i) rockfall quantitative vul-

nerability of buildings (ii) rockfall quantitative risk assess-

ment for protection galleries and (iii) rockfall quantitative

risk assessment. A presentation of them is given in D2.9.

With respect to the activity (iv), standards for validation

of both hazard and risk assessment models are proposed for

the quantification of the reliability of the assessment

(accounting for data vagueness and uncertainties, “limited”
knowledge on the physics of the processes and taking into

account the issue of the “mapping unit”, independently of

the scale), as well as the quantification of the validity of the

assessment (considering validation/evaluation of the maps,

robustness and accuracy of the predicting systems and out-

put types). The compilation of the proposed methodologies

is presented in SafeLand deliverable D2.8.

Toolbox of Risk Mitigation Measures

SafeLand researchers provided a compendium of tested and

innovative structural and non-structural (including insur-

ance) mitigation measures for different landslide types

(SafeLand deliverable D5.1: Compendium of tested and

innovative structural, non-structural and risk-transfer miti-

gation measures for different landslide types). This compen-

dium is the basis of a user-friendly web-based toolbox that

can help experts and other users identify appropriate

technologies for protecting people and property against

landslides. The compendium and toolbox are based on a

classification of measures depending on whether they reduce

the hazard (for example, a retaining wall), reduce vulnera-

bility (for example, strengthening structures) or reduce

exposure (for example, relocating homes). Each measure

includes a “fact sheet” that describes the measure, gives

guidance on its design, schematic details, practical examples

and references. The fact sheets also include a subjective

rating of the applicability of the specific mitigation measure

in relation to the descriptors used for classifying landslides.

The web-based toolbox includes the following features: data

management, user forum, help function, report generation

function and the ranking of the mitigation measures as they

apply to a particular landslide context. The toolbox and the

compendium are described in more detail in the “Dissemi-

nation” section of this paper.

Stakeholder Involvement and Decision Making
Process

Increasingly public interventions to reduce the risk of

landslides and other hazards are moving from “expert”
decisions to include the public and other stakeholders in

the decision process. Indeed, EU legislation, most notably

the Water Framework Directive, is requiring public officials

to consult stakeholders in the allocation of public funds for

risk mitigation. The SafeLand project developed and tested a

public communication and participatory process for

mitigating the risks of landslide in the highly at-risk com-

munity of Nocera Inferiore in southern Italy (SafeLand

deliverable D5.7: Design and testing: a risk communication

strategy and a deliberative process for choosing a set of

mitigation and prevention measures). The pilot study

demonstrated the potential and challenges of public partici-

pation in decisions characterized by high personal stakes and

intricate technical, economic and social considerations. It

should prove useful in informing similar processes, as

stakeholders in Europe increasingly demand a voice in

choosing landslide mitigation measures.

The research for the design and testing of a participatory

process was structured in four parts (1) a case study analysis

with a literature review and semi-structured interviews, (2) a

public questionnaire, (3) six meetings with selected

residents, and (4) communication activities, including a

website, videos, an online discussion group, press releases

and contacts with local media. Figure 3 shows the flow chart

for the stakeholder process that was run in SafeLand.

In case study at Nocera Inferiore, the selected resident

group agreed on fundamental priorities, i.e. the improvement

of the warning system, the implementation of an integrated

system of monitoring and active (usually non-structural) risk

mitigation measures. Much more debate was devoted to the

relocation of residents from the most endangered areas and/

or the need to build passive structural works, especially on

private properties. The results show that it is feasible to

organize an expert-informed participatory process that

respects and builds on conflicting citizen perspectives and

interests, and demonstrates spheres of policy consensus as

well as policy dissent.
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European Landslide Risk Hotspots

The public and media focus on landslide hazard and risk in

Europe is greatly increased in the immediate aftermath of

catastrophes such as the widespread flooding and landsliding

in Switzerland and Austria in summer 2005, Messina (Italy) in

autumn 2009, or the events in Madeira in January 2010 and

southern Italy in February 2010, despite the fact that numerous

landslides occur all over Europe every year. Experts know to a

certain degree which parts of the continent are most exposed

to landslide hazard. Nevertheless, neither the geographical

location of previous landslide events nor knowledge of

locations with high landslide hazard necessarily point out the

areas with highest landslide risk. In addition, landslides often

occur unexpectedly and the decisions on where investments

should be made to manage and mitigate future events are

based on the need to demonstrate action and political will.

The goal of this study was to undertake a uniform and objec-

tive analysis of landslide hazard and risk for Europe.

Two independent models, an expert-based or heuristic

model (denoted the ICG model) and a statistical model

based logistic regression (denoted the JRC model), were

developed to assess the landslide hazard. Both models were

based on applying an appropriate combination of the

parameters representing susceptibility factors (slope, lithol-

ogy, soil moisture, vegetation cover, etc.) and triggering

factors (extreme precipitation and seismicity). The weights

of different susceptibility and triggering factors are calibrated

to the information available in landslide inventories and phys-

ical processes. The analysis is based on uniform gridded data

for Europe with a pixel resolution of roughly 30 m � 30 m.

The results obtained with the ICG model for rainfall-induced

landslides in Europe are shown on Fig. 4. The landslide

hazard “hotspots” are also marked on the figure.

A validation of the two hazard models by partner

organizations in Scotland, Italy and Romania showed good

agreement for shallow landslides and rockfalls, but the haz-

ard models fail to cover areas with slow moving landslides.

In general, the results from the two models agree well

pointing out the same countries with the highest total and

relative area exposed to landslides. Landslide risk was

quantified by counting the number of exposed people and

exposed kilometres of roads and railways in each country.

This process was repeated for both models. The results

showed the highest relative exposure to landslides in small

alpine countries such as Lichtenstein. In terms of total values

on national level, Italy scores highest in both the extent of

exposed area and number of exposed population. Again

results agree between the two models, but differences

between the models are higher for the risk than for the

hazard results. The analysis gives a good overview of the

landslide hazard and risk hotspots in Europe and allows a

simple ranking of areas where mitigation measures might be

most effective. These outcomes are described in detail in

SafeLand deliverable D2.10.

A database of case histories of well-documented

landslides, including several “hotspots” of European

Fig. 3 Flow chart of stakeholder process developed in SafeLand
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landslides, was developed in SafeLand. Data for close to 50

potential case study sites were compiled and summarised.

Most of the case study sites are located in Europe (Italy,

France, Norway, Switzerland, Austria, Andorra, and

Romania); but they also include one site in Canada and

one in India. Almost every type of landslide and every type

of movement is represented among these sites. Figure 5

provides an overview of the case studies in the SafeLand

database.

Global Change Scenarios

A major research task in SafeLand was to assess the effects

of global change on landslide risk in Europe. This required

developing climate change scenarios for selected regions in

Europe, considering alternative scenarios for human activity

and demographic changes at various scales, and assessing

the landslide risk evolution in selected “hotspots” areas in

Europe.

At the European scale, the regional climate model

simulations from EU FP6 ENSEMBLES project

(25 � 25 km2 resolution over Europe) were used to perform

an extreme value analysis for trends in heavy precipitation

events (SafeLand deliverable D3.1). Summer and winter

were examined separately to identify seasonal characteristics

in the patterns of changes for the period 1961–2099.

The large-scale pattern of heavy precipitation changes

appears to be consistent across the simulations (eight

regional models). In winter, the simulations agree particu-

larly well on the positive changes in heavy precipitation over

the northern and central European landmasses.

Inconsistencies are mainly found in regions where regional

features play a large role. This is in particular the case in the

mountainous regions or at the foothills of the mountains. In

summer, most model agree on an increase in heavy precipi-

tation events over Scandinavia and a decrease over southern

Europe. The largest inconsistencies among models are found

in the transition zone across central Europe, which separates

areas with positive trends in the North and areas with nega-

tive trends in the South.

In parallel to this analysis of extreme precipitation events

patterns, “Expected changes in climate-driven landslide

activity (magnitude, frequency) in Europe in the next 100

years” have been studied (SafeLand deliverable D3.7). Fig-

ure 6 shows the spatial distribution of the European popula-

tion exposed to landslides in 2010 and the positive or

negative trends in exposure until 2090.

The European-scale analysis of present and future land-

slide hazard and risk required many simplifications. The

main difficulty was to find homogenous datasets that cover

all of Europe with the same accuracy. This is even more

challenging when the datasets have to cover future

predictions. The climate model results used in the study

were based on a physical climate model and have a reason-

able level of uncertainties in the future predictions. On the

other hand, land cover and population datasets are secondary

products based on climate simulations and economical

Fig. 4 Hazard map for precipitation-triggered landslides in Europe. Red ellipses show possible hotspots with very high hazard
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modelling, which naturally include more assumptions and

simplifications in the process and are far more uncertain. In

this context, the predicted changes in landslide hazard and

risk in Europe, although certainly indicative, have to be

investigated and used with care. The main changes in land-

slide risk at European scale are mainly due to changes in

population pattern in Europe.

Nevertheless, the results from this study are useful for a

prognosis of the landslide hazard and risk in next 80 years in

Europe. In total, the change affects about 0.7 % of the total

European population. This increase has to be seen in com-

parison to other climate change imposed challenges for the

next 80 years (e.g. flooding, drought). Ten countries can still

expect some significant changes of more than 2 % increase

in exposed population. Most of these countries have signifi-

cant challenges to cope with the landslide risk already today.

Landslide hazard threatens today about 4 % of the Euro-

pean citizens. The mitigation of these problems is a signifi-

cant challenge already today and should be continued with

all available efforts. The slight increase expected for the next

80 years will not change this situation significantly. If all

mitigation efforts against landslides that are necessary today

are implemented, Europe will be very well prepared for the

expected future changes in landslide hazard and risk.

For the case study sites at local scale, climate simulations

were downscaled to a 3.8 � 3.8 km2 resolution on four

selected sites in Europe (Nedre Romerike, Southern

Norway; Pizzo d’Alvano, Campania, Italy; Barcelonnette,

French Alps; Telega, Romania) for the time period

1951–2050, employing the A1B emission scenario

(SafeLand deliverable D3.3). The usage of the model output

data for simulations on an even more refined grid is expected

to improve the ability to simulate even localised heavy

precipitation events in regions where rain-induced landslides

occur on a regular basis.

• In the area of Nedre Romerike strong increases of tem-

perature are projected especially in winter, while a gen-

eral increase of precipitation is expected in winter, with a

Fig. 5 Map of the collected case study sites in the SafeLand database
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general increase of extreme events, which is most, pro-

nounced in the western part of the domain.

• In the area of Pizzo d’Alvano, an increase of temperature

is also projected, even if less evident than the previous

case. In winter, strong increases of precipitation (with

strong extreme events) are expected in the area of Pizzo

d’Alvano, In summer slight reductions are expected for

the average monthly precipitation over the whole domain,

which is in contrast to a projected increase in daily

precipitation extremes in the Pizzo d’Alvano region and

along the western coast line.

• In the area of Barcelonnette, significant increase of tem-

perature, up to 3 �C, is expected in the future. The

increase will be especially pronounced in winter months.

An increase of precipitation is expected in small sub-

domains throughout the year, with slight changes of

extreme events on the whole domain.

• In the area of Telega, a general increase of temperature of

about 1.5 �C is expected over the whole domain, for both

summer and winter. In winter an increase of precipitation

is expected, while a general significant reduction is

expected in summer; an increase of extreme events is

expected in winter and summer in the north of the domain

with the magnitude of the changes being higher in winter.

The impact of climate change on landslide hazard was

assessed on the three focused areas: Pizzo d’Alvano for

Southern Italy, Barcelonnette for the Alps and Nedre

Romerike for Southern Norway (SafeLand deliverable

D3.8). Even if these sites present different contexts in view

of landslides causes (climates, size of landslides), the

analyses show that climate change is likely to induce similar

trends in landslide activities. Based on the IPCC A1B sce-

nario and on the resulting climate change scenarios at local

scale, the different models predict an increase in landslide

activities. This change would materialize either as an

increase in the frequencies of landslides or as an increase

in surface area of the potentially unstable areas.

The results differ from the predictions provided by larger

scale models. These differences might be explained by the

finer calibration processes used for local scale analysis and

also to the finer climate model used, which, for example, take

into account the influence of topography on climate (mostly

Fig. 6 Exposed population in 2010 and the positive or negative change until 2090. Changes are mostly due to changes in the population density in

Europe
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on precipitation). Therefore, if large-scale models are useful

to determine where landslide activities will vary relatively to

the other regions, the different kinds of local scale models are

necessary for urban planners and all local authorities to

estimate what would be the future risks in their communes

or valley, with for some of the models, spatial information.

However, these models require precise data, not only for

calibration but also for prediction, and so climate models

should be adapted to such resolutions, like in this study.

In parallel to the climate scenarios, human activity and

demography scenarios were developed on the Norwegian

and the French sites (SafeLand deliverables D3.5 and

D3.6). When they exist, prospective data were used. Unfor-

tunately, data are sparse, rarely geo-referenced and not

always adapted to the local context. However, this lack of

information can be partially compensated by the analysis of

past and present trends. Satisfactory data have been col-

lected for the Barcelonnette site and have allowed the elabo-

ration of demography scenarios at local level by 2030. The

land-use change scenario by 2100 has been studied.

Acknowledging significant uncertainties, the demographic

forecasts can be extended from 2030 to 2100. Demographic

scenarios have been partially developed for the Nedre

Romerike site (Norway).

Three studies of landslide risk assessment have been

performed on French, Norwegian and Scottish sites

(SafeLand deliverable D3.9). The results seem to show a

similar trend: an increase of landslide risk, which is more-or-

less significant depending on the considered sites. Due to a

high level of uncertainties on population and traffic evolu-

tion scenarios, precautions need to be taken when

interpreting and using the results.

Remote Sensing Technologies and Early
Warning Systems

Remote Sensing for Landslide Detection,
Monitoring and Rapid Mapping

One of the main research areas of SafeLand was exploring

the use of modern remote sensing technologies for landslide

detection, monitoring and rapid mapping. The objectives of

the research in this were:

• Define and validate a common methodology for detec-

tion, rapid mapping, characterization and monitoring of

landslides at regional and catchment scales using

advanced remote sensing techniques;

• Define and validate a common methodology for the rapid

creation and updating of landslide inventories and hazard

maps at regional/catchment scale using advanced remote

sensing techniques;

• Prepare user-oriented guidelines for the incorporation of

advanced within integrated risk management processes

and best practices.

These objectives were achieved through the following

steps:

1. Overview of recent and emerging ground based

techniques for landslide analysis.

2. Overview of recent and emerging remote sensing

technologies for landslide analysis.

3. Set up of a questionnaire on landslide monitoring

methods (have been prepared).

4. Set up of questionnaire on remote sensing technologies

(have been prepared).

5. Description on the use of ground based, airborne and

spaceborne techniques in SafeLand case studies.

6. Evaluation of ground based, airborne and space-borne

techniques based on the literature review, on the afore-

mentioned questionnaires and on SafeLand case studies.

As an example, Fig. 7 shows the application of Permanent

Scatterers Interferometric Synthetic Aperture Radar (PS-

InSAR) to monitoring of slope movements on the South

flank of Mount Etna.

Early Warning Systems for Landslides

A people-centred Early Warning System (EWS) comprises

five key elements (1) knowledge of the risks; (2) monitoring,

analysis and forecasting of the hazards; (3) operational cen-

tre; (4) communication or dissemination of alerts and

warnings; and (5) local capabilities to respond to the

warnings received. In this context, SafeLand addressed the

technical and practical issues related to monitoring and early

warning for landslides for different landslide types, scales

and risk management steps, and identified the best

technologies available in the context of both hazard assess-

ment and design of early warning systems (SafeLand deliv-

erable D4.8: Guidelines for landslide monitoring and early

warning systems in Europe—Design and required technol-

ogy). The targets for this work were end-users and it aimed to

facilitate the decision process for stakeholders by providing

guidelines based on a synoptic view of existing monitoring

methodologies and early-warning strategies and their appli-

cability for different landslide types, scales and risk manage-

ment steps. The guidelines include several comprehensive

checklists and toolboxes to support informed decisions. One

of the main objectives in this work was to merge experience

and expert judgment and therefore to create synergies on EC-

level towards guidelines for early warning and to make these

results available to end-users and local stakeholders.

A key element in a modern EWS is the use of remote

sensing techniques. Guidelines for use of remote sensing

technologies were developed for end-users and stakeholders
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(SafeLand deliverable D4.4: Guidelines for the selection of

appropriate remote sensing technologies for monitoring dif-

ferent types of landslides). These guidelines may be used for

selecting the remote sensing technologies that are most

suitable to detect/characterize/map/monitor the landslide

process at hand. Combining the technological features of

each remote sensing method, the possible geomorphological

features of the landslides (e.g. typology, displacement

velocities and observational scales) and risk management

strategies, the guidelines can be used to initially constrain

the choice of methods to a few techniques that seem most

feasible for the landslide process at hand. Before final

decisions on the methods to be used are taken, further infor-

mation and expertise will typically be required (Nadim and

Intrieri 2011).

Dissemination of Project Results

The aim of the dissemination activities in the SafeLand

project was to inform the scientific community and

stakeholders of the activities carried out within the project.

To achieve this aim, the dissemination and exploitation of the

results and the management of intellectual property were

done on two fronts: first, the internal exchange amongst the

project partners (internal dissemination) and, second, the

distribution of final results to end-users (external dissemina-

tion). Specifically, three different tasks were developed: Task

1: Dissemination activities through the web portal of the

Project; Task 2: Educational activities; and Task 3: Dissemi-

nation to decision-makers, professionals and scientists.

The SafeLand web site (http://www.safeland-fp7.eu) was

set up in the first phase of the project together with an

Extranet page for internal use. The web site provides infor-

mation about the project, the objectives of the research

carried out and the consortium partners. Moreover, by the

end of the project, all the obtained results collected in project

deliverables have been made available on the web page.

Regarding Task 2, collaboration and know-how exchange

were carried out via key educational activities such as

“LAndslide Risk Assessment and Mitigation” (LARAM)

International School and Mountain Risk Project. The

LARAM School, organized by the University of Salerno

(Italy), is held annually and is aimed at 40 Ph.D. students

selected every year from those working on landslide-related

topics in the fields of Civil Engineering, Environmental

Engineering, Engineering Geology or Natural Geography.

The main objectives of LARAM are to develop high-

Fig. 7 Example of PS-InSAR analysis at large scale: ground deformation due to active faults in the South flank of Mount Etna (Italy)
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standard educational interdisciplinary programmes for

assessing, forecasting and mitigating landslide risk over

large areas. In additional to traditional lectures, the

participants take part in “on the job” vocational training

programmes aimed at solving real landslide risk problems

using the most advanced theories and methodologies in the

fields of geotechnical engineering, geomechanics, geology,

mathematical modelling, monitoring, GIS techniques, etc.

During the 3 years of SafeLand project there was a close

collaboration between the LARAM School and SafeLand

since many members of the School teaching team were

SafeLand participants.

In 2011 a new LARAM initiative (1st LARAM-Asia

Course), also supported by the SafeLand project, started

with the aim to establish an annual 2-week high-level course

for Ph.D. students from Asian countries; improve research

collaboration among Asian researchers within international

initiatives. The Course was organized by the State Key

Laboratory of Geohazard Prevention and Geoenvironment

Protection of the Chengdu University of Technology

(CDUT-SKLGP) in China; the University of Salerno

(Italy); the United Nations University—ITC School for

Disaster Geoinformation Management of the University of

Twente, the Netherlands; the International Centre for

Geohazards (ICG, NGI, Norway) and the Asian Disaster

Preparedness Center (ADPC, Bangkok, Thailand).

Another dissemination activity within the SafeLand Proj-

ect was the development of a GIS-based training package on

landslide risk assessment containing 12 case studies from 4

different countries and using different scales of analysis. The

target group for this training package is PhD researchers and

practitioners of landslide hazard and risk assessment.

Finally, a software package for handling of monitoring

data was designed and developed to assist the technical staff

in data analysis and decision processes. The software is a

separate and independent tool for real-time, geo-scientific

quantitative risk analysis.

SafeLand research findings have been presented in sev-

eral peer reviewed articles and in a three-page presentation

edition of International Innovation (December 2011), an

international magazine disseminating science, research and

technology. Moreover, some special issues on International

Fig. 8 Typical panels in the web-based toolbox of structural and non-structural mitigation measures with decision-making guidance
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Journals are under development to present the results of each

Work Area of the Project. A series of SafeLand related

papers were also presented at the Second World Landslide

Forum (WLF, Rome October 2011), aimed at gathering

scientists, stakeholders, policy makers and industry

members dealing with the management of landslide risk,

including a special session dedicated to the Project.

At the end of the Project, a special session on “Effects of
global change on spatial and temporal patterns of landslide

risk”was organized during the EGU General Assembly 2012

(22–27 April 2012, Vienna, Austria), to present the results of

SafeLand project.

Regarding the dissemination of SafeLand results to

decision-makers and professionals, as mentioned earlier, a

toolbox for mitigation measures was implemented to assist

and to guide the user in the choice of the most appropriate

mitigation measures for potential landslides situations. The

toolbox assists the user with the following: identifying the

type of ground movement expected; assessing the level of

hazard associated with the ground movements; evaluating

the consequences of the ground movement; evaluating the

risk class and determining the need for mitigation; and for

selecting the most appropriate mitigation approaches to use,

and comparing them. The toolbox contains default imple-

mentation criteria and “scores” for each mitigation and

preventing measure. The user can, at any time, introduce

his own “scores” and “weights” for each of the mitigation

measures. In term of non-structural measures, only early

working systems are included at this time. The other non-

structural measures refer to the stakeholder process for risk

management for their evaluation and ranking. Figure 8

shows typical panels in the web-based toolbox.

The aforementioned toolbox uses the information

provided in a compendium of tested and innovative struc-

tural, non-structural and risk-transfer mitigation measures

for different landslide types. This compendium was prepared

as one of the main SafeLand deliverables for landslide risk

management. The compendium includes a categorization

system for the different structural mitigation and prevention

measures. About 60 structural measures were documented

and evaluated. The description of these measures in the

compendium includes guidance on the applicability and

effectiveness of each mitigation measure for different types

of landslides; information on the maturity of the technology,

ranging from “prototype development” to “obsolete”; infor-
mation on current design methods, their maturity and

associated uncertainties; and comparative (qualitative)

information on costs. The measures were evaluated for dif-

ferent types of ground movements and slides. Each measure

was then ranked with “scores” and placed into an applicabil-
ity matrix that was used later in the toolbox. Figure 9 shows

a typical page of the compendium.

Fig. 9 Typical information provided in the compendium mitigation measures for landslides
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Social Impact

The results of the SafeLand project are expected to have

impact on the protection and safety of population and mate-

rial property in Europe at several levels: technology will be

improved, more reliable landslide susceptibility, hazard and

risk maps will be made available and public awareness will

be put on the agenda in a systematic manner. Dialogue and

understanding among scientists and experts will be made

more natural and early warning systems will be ready for

implementation. Stakeholders and authorities will have

improved access to a risk management system for increased

safety and cost-effectiveness. The project deliverables are

expected to help provide the basis for future European

directives in relation to natural hazards.

The project brought together leading European research

centres and technologically advanced SMEs with highly

developed experience in their specialized fields, such as

GIS, remote sensing, modelling, risk assessment and man-

agement and decision-support, to allow a leap forward in pre-

disaster planning and mitigation in Europe and worldwide.

The SafeLand project, in co-ordination with the JRC-

chaired European Landslide Working Group (“the Landslide
Group”) will provide Member States with a common meth-

odology for the first identification of areas at risk to landslide

threat.

Examples of specific impacts of SafeLand are:

• The inventory (synthesis) of landslide “hotspots” in

Europe will be a significant contribution to a proposal

for a Soil Framework Directive that asks Member States

to identify areas at risk to landslides on the basis of a

common methodology. Identifying sensitive areas and/or

contexts in Europe where changes in landslide frequency

may be expected will constitute a roadmap for actions

required and level of urgency for improving safety and

reducing risk associated with landslides.

• The guidelines for landslide susceptibility, hazard and

risk assessment will contribute not only to the develop-

ment of the common risk assessment methodology but

also to systematic quantification of landslide risk. QRA

outputs will provide guidance to stakeholders in where to

direct research and development efforts and to allocate

resources where uncertainties need to be reduced or

where cost-effectiveness can be increased.

• The methodology for landslide risk assessment due to

both climate change and anthropogenic changes at the

European level will help policy-setters and decision-

makers to optimize the urban development and infrastruc-

ture planning.

SafeLand has already started to have some impact

through its dissemination activities. The achievements of

the project were presented to PhD candidates working on

landslide-related issues at the LARAM School since 2009,

and special sessions at the LARAM Workshop in Salerno in

September 2010 and at the Mountain Risks Conference in

Florence in November 2010 were dedicated to SafeLand.

The methodology developed in SafeLand for large-scale

landslide hazard and risk mapping is used in the Global

Assessment Reports of UNISDR (GAR09, GAR11 and

GAR13) to estimate the number of people affected by

landslides world-wide.

Concluding Remarks

The research done in SafeLand clearly demonstrates that

risk and vulnerability assessment for landslides, or any

other natural hazard a society is facing, requires expertise

from different disciplines. Modern risk and vulnerability

assessment activities require looking beyond the

borderlines of single disciplines or single sectors. How-

ever, inter-disciplinary research is not an easy task. Policy

and decision makers could provide incentives for inter-

disciplinary studies, for example by allocating funds

through research programmes and calls specifically ask-

ing for inter-disciplinary research.

A proactive approach to landslide risk mitigation is far

more effective than a reactive approach. However, deci-

sion makers and authorities do not always have the nec-

essary information to invest in natural hazard risk

reduction measures. Furthermore, such investments

must compete with many other societal needs. Improved

communication between decision makers and scientists

and experts is essential in setting the priorities for a

society. This requires an effort both from the decision

makers and from the scientific community.
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Plenary: Progress in Regional Landslide Hazard
Assessment—Examples from the USA

Rex L. Baum, William H. Schulz, Dianne L. Brien, William J. Burns,
Mark E. Reid, and Jonathan W. Godt

Abstract

Landslide hazard assessment at local and regional scales contributes to mitigation of

landslides in developing and densely populated areas by providing information for (1)

land development and redevelopment plans and regulations, (2) emergency preparedness

plans, and (3) economic analysis to (a) set priorities for engineered mitigation projects and

(b) define areas of similar levels of hazard for insurance purposes. US Geological Survey

(USGS) research on landslide hazard assessment has explored a range of methods that can

be used to estimate temporal and spatial landslide potential and probability for various

scales and purposes. Cases taken primarily from our work in the U.S. Pacific Northwest

illustrate and compare a sampling of methods, approaches, and progress. For example,

landformmapping using high-resolution topographic data resulted in identification of about

four times more landslides in Seattle, Washington, than previous efforts using aerial

photography. Susceptibility classes based on the landforms captured 93 % of all historical

landslides (all types) throughout the city. A deterministic model for rainfall infiltration and

shallow landslide initiation, TRIGRS, was able to identify locations of 92 % of historical

shallow landslides in southwest Seattle. The potentially unstable areas identified by

TRIGRS occupied only 26 % of the slope areas steeper than 20�. Addition of an unsaturated
infiltration model to TRIGRS expands the applicability of the model to areas of highly

permeable soils. Replacement of the single cell, 1D factor of safety with a simple 3D

method of columns improves accuracy of factor of safety predictions for both saturated and

unsaturated infiltration models. A 3D deterministic model for large, deep landslides,

SCOOPS, combined with a three-dimensional model for groundwater flow, successfully

predicted instability in steep areas of permeable outwash sand and topographic reentrants.

These locations are consistent with locations of large, deep, historically active landslides.

For an area in Seattle, a composite of the three maps illustrates how maps produced by

different approaches might be combined to assess overall landslide potential. Examples
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from Oregon, USA, illustrate how landformmapping and deterministic analysis for shallow

landslide potential have been adapted into standardized methods for efficiently producing

detailed landslide inventory and shallow landslide susceptibility maps that have consistent

content and format statewide.

Keywords

Landslide susceptibility � Landslide probability � Deterministic models � LiDAR � Landform
mapping

Introduction

Landslides cause untold human misery, with annual

fatalities estimated in the thousands worldwide (Kirschbaum

et al. 2010; Petley 2012) and annual losses estimated in the

billions of dollars (Dai et al. 2002). Efforts to estimate the

probability of landslides have resulted in gradual

improvements in methods and results over the last five

decades. Several authors have published overviews of the

state of the art of landslide hazard zonation and related

topics at various times (Varnes 1984; Soeters and van

Westen 1996; Aleotti and Chowdury 1999; Guzzetti et al.

1999; Dai et al. 2002; van Westen et al. 2006). This paper

illustrates our progress on regional landslide hazard assess-

ment during the last decade with selected case studies from

work in the U.S Pacific Northwest. We conclude by

discussing some of the outstanding issues for ongoing and

future research.

Background

Much of the recent progress in landslide hazard assessment

has been made possible by recent advancements in technol-

ogy and availability of digital data. Progress also has resulted

from application of scientific advancements in earth science

and other fields to landslide problems. After a brief review of

the history of landslide hazard assessment, along with a

survey of techniques described in the literature, we highlight

a few examples of recent progress and developments in

regional landslide hazard assessment in the USA. The

examples help to illustrate (1) the contributions of recent

technological advancements to improved topographic data,

(2) the contribution of improved models to analytical results,

(3) progress in methods for evaluating or validating model

results, and (4) the contribution of standardized methods to

rapid production and distribution of landslide maps. This

includes mapping in rapid response mode—post-disaster

assessments for major landslide events.

Landslide hazard assessment aims to answer questions

about where and when landslides will occur, how often they

will happen, how large they will be, and how fast and far

they will travel. In general, the goal is to assess the (numeri-

cal) probability of landslide occurrence or impact (Dai et al.

2002). Regional hazard assessments commonly focus on the

questions of location and timing (where and when) with

secondary emphasis on frequency (how often), size (how

large), and travel distance or inundation area (how far).

The term “regional” has been associated with map scales

ranging from 1:100,000–1:500,000 (Soeters and van

Westen 1996). For purposes of this paper, we include

methods that could be applied at medium scales

(1:25,000–100,000) as well, because recent advancements

in computer hardware, Geographic Information Systems

(GIS), and digital spatial data have made it possible to

apply more detailed analysis over larger areas, somewhat

reducing the distinction between regional- and medium-

scale assessments. Thus, for purposes in this paper,

regional refers to methods of landslide hazard assessment

that can be applied to areas ranging from tens to thousands

of square kilometers.

History

Mapping of landslides and landslide-susceptible areas has

been performed since the 1930s or earlier (Varnes 1981).

Early efforts were generally local and sporadic. Concerted

efforts, mainly by government organizations in various parts

of the world, to delineate and zone or rank hazardous areas

began to accelerate in the late 1960s. Examples of computer-

assisted assessments of landslide hazard began to appear in

the early 1970s (Varnes 1984). Most regional landslide

hazard assessments published before 1980 were map-based

assessments of landslide susceptibility that relied on either

cartographic analysis of geology and terrain features or

numerical rating of contributing factors (Varnes 1984).

Landslide susceptibility usually refers to an assessment of

the long-term, qualitative (or relative) probability of

landslides, whereas landslide hazard usually refers to a

quantitative estimate of probability of landslide occurrence

or impact (Soeters and van Westen 1996; Dai et al. 2002).
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These studies relied heavily on expert judgment and some

combination of field studies and air photo interpretation. For

example, in the USA, federal and state agencies developed

relative-slope-stability maps at various scales in the 1970s

for several major urban areas (Brabb et al. 1972; Miller

1973; Artim 1976). These maps were based on simplified

geologic data and topographic slope, generally at scales of

1:30,000–1:125,000, and lacked the currently desired level

of detail for managing land use by cities and counties.

By the mid-1990s, improvements in computer hardware

and software as well as improvements in satellite remote

sensing enabled a number of advancements. GIS methods

had advanced to the point that they could be used profitably

in analysis of landslide susceptibility and hazard. Concur-

rently, four distinct, and now commonly recognized

approaches for landslide hazard assessment developed: land-

slide inventory-based probabilistic, statistical, deterministic,

and heuristic (Soeters and van Westen 1996). For example,

an innovative debris-flow hazard assessment took advantage

of GIS technology and statistical methods to calculate

debris-flow probability including runout zones (Ellen et al.

1993). Numerous examples of weight of evidence (Harp and

Noble 1993; Suzen and Doyuran 2003; van Westen et al.

2003), bivariate (Brabb et al. 1972) and multivariate statisti-

cal models (Carrara 1983; Carrara et al. 1991, 1999; Chung

et al. 1995) applied to landslide hazard assessment appeared.

Satellite remote sensing improved both in terms of spatial

resolution and spectral resolution to the point that it could be

used to delineate the extent of landslides induced by major

regional storms or major earthquakes (Soeters and van

Westen 1996). Nevertheless, vertical aerial photography

remained the preferred type of imagery for mapping

landslides to develop landslide inventories. A number of

GIS-based deterministic models (Montgomery and Dietrich

1994; Wu and Sidle 1995; van Westen and Terlien 1996;

Borga et al. 1998; Pack et al. 1998) also emerged in the

literature. Methods of using landslide inventories to check

accuracy of landslide susceptibility and hazard assessments

also began to be devised (Carrara et al. 1991; Montgomery

et al. 1998). The terms landslide hazard and landslide sus-

ceptibility were commonly used interchangeably and despite

the technical advances, most maps published by the mid

1990s depicted landslide susceptibility, rather than hazard

(Soeters and van Westen 1996).

Steadily increasing numbers of regional- and medium-

scale landslide hazard assessments have appeared in the

literature since the mid-1990s. Further advancements in

science and technology have paved the way for progress in

regional landslide hazard assessment in recent years. These

advancements include improvements in satellite (InSAR,

high-resolution optical) imagery and airborne remote

sensing (primarily the airborne laser scanning technology

known as Light Detection and Ranging, LiDAR) (Schulz

2004, 2007; Burns and Madin 2009; Roering et al. 2009),

as well as platforms for obtaining and visualizing the imag-

ery, such as Google Earth. New methods and existing

methods from other fields were applied, such as, artificial

neural networks (ANN) (Lee et al. 2003; Lu and Rosenbaum

2003; Falaschi et al. 2009), and logistic regression and other

new statistical models (Dai and Lee 2003; Ohlmacher and

Davis 2003; Van den Eeckhaut et al. 2006; Felicı́simo et al.

2013). Along with these changes have come improvements

in methods for validating landslide hazard maps (Chung and

Fabbri 2003; Van Den Eeckhaut et al. 2006). Coe et al.

(2004a) introduced a method for estimating landslide proba-

bility based on historical records. New deterministic models

have emerged for assessing large deep landslides (Miller

1995; Reid et al. 2000, 2001, 2010; Franciss 2004; Xie

et al. 2004; Brien and Reid 2007, 2008) and shallow rainfall

induced landslides (Crosta and Frattini 2003; Savage et al.

2003; Frattini et al. 2004; van Beek and van Asch 2004;

Baum et al. 2008, 2010, 2012; Salciarini et al. 2008; Simoni

et al. 2008). Technology advances have also made possible

more rapid assessments for areas where few data exist (Coe

et al. 2004b; Harp et al. 2009). New types of assessments

have also been developed, including event–based seismic

landslide hazard assessments (Jibson et al. 2000), and post-

fire probabilistic debris-flow hazard assessments (Cannon

et al. 2010). Models of ground motion are beginning to be

applied to analysis of seismic landslides (Harp et al. 2012).

Tools originally developed for assessing hazards from vol-

canic debris flows (Schilling 1998) have been adapted to

mapping potential inundation areas for smaller debris flows

and rock avalanches (Berti and Simoni 2007; Griswold and

Iverson 2008; Magirl et al. 2010).

Throughout the 1990s and before, the main audience for

landslide hazard assessments was primarily land-use

planners and engineers. Hazard assessments were used so

that high-density residential and commercial development

or redevelopment of areas with high potential for

landslides could be avoided or regulated. More recently,

municipal governments and other users have recognized

the value of landslide susceptibility and landslide hazard

assessments in emergency preparedness planning, land-

slide early warning, and setting priorities for engineered

mitigation of landslide prone-areas (Coe et al. 2004a).

Knowing where landslides are likely to occur frequently

helps in selecting evacuation routes, placing equipment in

preparation for removing debris after a storm, and

targeting warnings of potential landslides. Some recent

efforts have focused on developing hazard maps for insur-

ance purposes (Godt et al. 2012).
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Examples of Progress in Regional Hazard
Assessment

As too many examples of recent progress in regional land-

slide hazard assessment exist in the literature to be cited

here, we highlight USGS research that utilized improved

spatial data and technology. The improvements in technol-

ogy have allowed us to develop applications of new statisti-

cal methods to landslide susceptibility mapping, improved

physically based models, improved methods of evaluation,

and standardization of procedures for conducting

assessments over large areas or in rapid response mode. In

the following sections, we present case studies from our

work in the Pacific Northwest of the USA that illustrate

progress in some of these areas. Specifically, we present

examples of advancements derived from improved spatial

data and visualization methods (Schulz 2007), improved

deterministic models (Brien and Reid 2007, 2008; Godt

et al. 2008a, b; Baum et al. 2010, 2012), improved methods

of evaluation (Chung and Fabbri 2003; Van den Eeckhaut

et al. 2006), composite hazard assessments, and

standardization of methods for rapid assessments (Burns

and Madin 2009; Burns et al. 2012).

Seattle Case Study

Baum et al. (2005) described in considerable detail the then

ongoing USGS regional assessment of landslide hazard for

Seattle, Washington, USA (Fig. 1). In the sections that

follow, we highlight some further advancements from that

work and combine some of the assessments to illustrate the

concept of a composite assessment of landslide potential.

Using a common field area, we demonstrate a geomorphic

approach based on high-resolution topography and two

deterministic methods for separately assessing shallow and

deep landslides. The composite integrates results from the

three different models to give an overview of the combined

potential for all types of landslides that commonly occur in

the area.

Geomorphic Assessment of Landslides with LiDAR
The advent of high-resolution remotely sensed topographic

data has revolutionized mapping of landslides and landslide

features for inventory and susceptibility purposes. As part of

our assessment of landslide hazard for the Seattle area,

Schulz (2004, 2007) developed and tested a methodology

for mapping landslide features using LiDAR data over the

entire city of Seattle (217 km2). These studies used a

LiDAR-derived DEM with 1.8 m resolution, and a raw

point density of ground returns of about 1 per m2, with

vertical errors of about 30 cm, except in densely vegetated

areas, where vertical errors were locally as much as 5 m

(Haneberg 2008).

Schulz (2004, 2007) used LiDAR-derived imagery to

map landforms in Seattle created mainly by landslide activ-

ity. The landforms identified were: (1) landslide deposits, (2)

head scarps, and (3) denuded slopes (Fig. 2). These

Fig. 1 Map showing Seattle, WA, USA study area

Fig. 2 Map showing landslide-derived landforms identified by Schulz

(2004, 2007) using LiDAR imagery for the area shown in Fig. 1
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landforms in all cases truncate the glacially sculpted upland

surface. Denuded slopes were defined as slopes that formed

by erosion and mass wasting following deglaciation, but

which lacked discernible deposits of individual landslides.

Denuded slopes, therefore, were mapped where the glacial

upland surface is truncated, but where landslides could not

be identified. Field observations indicate that denuded slope

areas probably lack discernible landslides because many

Seattle landslides are too small and thin to be resolved by

LiDAR and their deposits have often been removed or

modified by erosion, other mass wasting, and human

activity.

Using a GIS, landform mapping was performed with

LiDAR-derived imagery including shaded relief, slope, and

topographic contour maps, as well as almost 400 topo-

graphic profiles. These maps and profiles were visually

evaluated for topographic characteristics indicative of

landslides, such as scarps, hummocky topography, convex

and concave slope areas, midslope terraces, and offset

drainages. Maps were evaluated at scales ranging from

1:30,000 to 1:2,000; mapping was generally performed at

1:5,000. Mapped landforms were evaluated in the field and

the maps were revised based on field observations, although

very little revision was necessary.

The total number of landslides mapped using LiDAR was

about four times that of previously published maps produced

using aerial photographs, and the LiDAR-mapped landslides

included all shallow and deep landslides depicted in those

maps. In addition, 93 % of historical landslides recorded in

the Seattle landslide database (Laprade et al. 2000) are

within the boundaries of the LiDAR-mapped landslides.

Landslides were consistently identified using the LiDAR

imagery if they had landslide-related topographic features

that were at least 30 m long and local relief of a few meters.

Wait’s map (2001) was most applicable for comparison to

results of the LiDAR study (Schulz 2004, 2007) and used

1:2,000–1:2,500-scale black-and-white, color, and color-

infrared aerial photographs taken during March 1974, June

1986 and 1991, and September 1995 and 1997. Evaluation of

Wait’s map (2001), which identified the most landslides of

previous efforts, indicated that aerial photographs were

instrumental for identifying recent individual landslides;

therefore, aerial photographs appear to be more effective

than LiDAR in the Seattle area for discerning boundaries

of recently active landslides within landslide complexes.

The resolution of the LiDAR data (1.8 m) appeared to be

inadequate to resolve many landslide boundaries within

landslide complexes. However, LiDAR was much more

effective for identifying presumably older landslides and

the boundaries of complexes in which recently active

landslides occurred (Schulz 2004).

Schulz (2007) found that historical landslides were

concentrated within the mapped landslide-derived

landforms, and appeared to generally be located on the

steepest parts of slopes. The mapped landforms (landslides,

head scarps, and denuded slopes) were created by the tem-

porally integrated influence of many individual landslide

events. The landslide, head scarp, and denuded slope

landforms cover 4.6 %, 1.2 %, and 9.5 % of Seattle’s land
area, respectively. The spatial distribution of mapped

landforms and 1,308 historical landslides within the Seattle

city limits show that historical landslide activity has been

concentrated on the mapped landforms, but most of the

landslide activity that created the landforms was prehistoric.

Thus, the spatial densities of historical landslides within the

mapped landforms (122/km2, head scarps; 42.8/km2

landslides; 23.7/km2, denuded slopes), were essentially

equivalent to the relative susceptibilities of the landforms

to historical and presumably future landsliding. The

susceptibilities are relative in that they are only meaningful

when compared between landforms or landslides with dif-

ferent characteristics in Seattle.

As with many other landslide inventories, the Seattle

landslide inventories constructed using LiDAR, aerial pho-

tography, and other means omit many areas prone to

landsliding because they exclude excavated landslide scars.

Denuded slopes appear to primarily consist of coalescing

landslide scars and disrupted, thin landslide deposits. Over

37 % of historical landslides in Seattle occur on LiDAR-

mapped denuded slopes, (23 % on head scarps and 33 % on

landslides) thus denuded slopes should be considered in

regional evaluations of landslide susceptibility even though

they have the lowest susceptibility of the three landforms.

By comparing landforms and historical landslide

locations with geologic mapping, Schulz (2007) identified

no strong relations between stratigraphy and landslide occur-

rence, regardless of type; however, landslide characteristics

and slope morphology appeared to be related to stratigraphic

conditions. Human activity was a contributing factor in

about 80 % of historical Seattle landslides (Laprade et al.

2000). The distribution of mapped landforms and human-

caused landslides suggests the probable characteristics of

future human-caused landslides on each of the landforms.

The distribution of mapped landforms and historical

landslides indicates that erosion of slope-toes by surface

water has been a necessary condition for causing Seattle

landslides. Through construction of seawalls and related

structures, human activity has largely arrested this erosion,

which implies that landslide activity will decrease with time

as hillsides naturally stabilize. However, landslide activity in

Seattle is likely to continue for the foreseeable future.

Assessment of Shallow Landslides Using a
Physically Based Model
Godt et al. (2008a) described the results from an application

of a distributed, transient infiltration–slope-stability model
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for an 18 km2 area of southwestern Seattle. They used the

USGS model TRIGRS: Transient Rainfall Infiltration and

Grid-based Regional Slope-stability analysis (Savage et al.

2003; Baum et al. 2008, 2010) that combines an infinite

slope-stability calculation with an analytic, one-dimensional

solution for pore-pressure diffusion in a soil layer of finite

depth in response to time-varying rainfall. The transient

solution for pore-pressure response can be superposed on

any steady-state groundwater-flow field that is consistent

with model assumptions. Applied over digital topography,

the model computes a factor of safety, F, for each grid cell at

any time during a rainstorm. Input variables may vary from

cell to cell, and the rainfall rate can vary in both space and

time. For Seattle, topographic slope derived from a LiDAR-

based 3-m digital elevation model (resampled from the 1.8-

m data) (DEM) and hourly rainfall intensities were used as

model inputs. Maps of soil and water-table depths derived

from geotechnical borings and a model for observed, sys-

tematic variation of colluvium and groundwater depth in

relation to specific landforms and the seepage face of the

regional aquifer (Schulz et al. 2008) constrained initial and

boundary conditions for the model. Material strength and

hydraulic properties used in the model were determined

from field and laboratory measurements (Godt and

McKenna 2008), and a tension-saturated initial condition

was assumed. Because the equations of groundwater flow

are explicitly solved with respect to time, the results from

TRIGRS simulations can be portrayed quantitatively to

assess the potential landslide hazard based on changing

rainfall conditions.

Factor of safety results (Fig. 3) were evaluated by com-

paring the locations of 212 historical shallow landslides (a

subset of the historical landslide database used by Schulz

2007) with the area mapped as having a factor of safety less

than 1.2. An effective landslide hazard map maximizes the

number of historical landslide locations included in a hazard

class while minimizing the total area mapped in that class

(Chung and Fabbri 2003). In a comparison of shallow land-

slide locations with the results of the hazard map, Godt et al.

(2008a) determined that the most susceptible class (F < 1.0)

includes only 8.4 % of the area steeper than 20� and contains
26 % of the historical landslides. A cutoff of 20� was

selected because nearly all historical shallow landslides

have occurred on slopes steeper than 20�. For the entire

study area, the TRIGRS map captures almost 92 % of the

historical landslides but only identifies 26 % of the area with

slope angles greater than 20� as potentially unstable during

realistic rainfall conditions for Seattle. Effectiveness ratios,

defined as the ratio of the percentage of historical landslides

to the percentage of the mapped area in each class, range

from 3.0 to 7.5, indicating that each class has discriminatory

power (Chung and Fabbri 2003). To capture the same

percentage of historical landslides (92 %) using only topo-

graphic slope would require all areas with slope angles

greater than 20� to be considered susceptible. Thus, the

main discriminatory power of the model, as applied in

southwestern Seattle, is its ability to exclude nonsusceptible

steep (>20�) hillslope areas from the susceptible classes.

This is the result of both the spatially variable input (collu-

vium thickness and initial water-table depth) and the

modeling approach.

Recent advancements with the TRIGRS model include an

unsaturated infiltration module (Savage et al. 2004; Baum

et al. 2008, 2010), a module for analyzing 3D slope stability

(Baum et al. 2012), and progress on methods for specifying

Fig. 3 Map showing part of Godt et al.’s (2008a) factor of safety

results for southwest Seattle, computed using the TRIGRS model.

Black points indicate locations of historical landslides (center of head

scarp, Coe et al. 2004a). The predicted factor of safety is at the end of a

simulation of a 28-h rainfall event (17–18 January 1986) that induced

many shallow landslides. This simulation used the saturated, finite-

depth infiltration solution (Savage et al. 2003; Baum et al. 2008,

2010) and is based on Fig. 14 of Godt et al. (2008a). Geologic contacts

are shown as gray lines. Interpretations of geologic unit symbols are

Qb—beach deposits, Qvt—Vashon till, Qva—advance outwash

deposits of the Vashon Drift, Qvlc—Lawton Clay Member of the

Vashon Drift, Qob—Olympia beds (interbedded sand, clayey silt and

silty clay)
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model parameters using sensitivity analyses (Gioia et al.

2013) and using a probabilistic framework (Raia et al.

2013). Figure 4 compares results for the Mukilteo study

area north of Seattle using the original 1D saturated infiltra-

tion model, the 1D unsaturated infiltration module, and the

saturated and unsaturated infiltration models combined with

a simple method of columns for 3D slope stability. Landslide

polygons depicted in Fig. 4 include the source area and

deposit of each shallow landslide that occurred during the

winter of 1996–1997 and provide a more complete indica-

tion of unstable areas for comparing model results than the

landslide points available for southwest Seattle (Fig. 3).

Analysis using the Receiver Operating Characteristics

(ROC) analysis (Swets 1988; Fawcett 2006), which recently

has become widely used (Van den Eeckhaut et al. 2006;

Falaschi et al. 2009), indicates lower false positive rates

achieved by the 1D unsaturated model compared to the 1D

saturated, and improvements of the simple 3D analysis com-

pared to the 1D infinite-slope analysis (greater true positive

rate with slight or no reduction in false positive rate). In the

case shown, the 3D saturated model predicts a greater frac-

tion of the historical landslides than the unsaturated model,

at the expense of higher rate of false positives.

Assessment of Large Landslides with the 3D
Slope-Stability Model, SCOOPS
In Seattle, deep-seated landslides on bluffs along Puget

Sound have historically caused extensive damage to land

and structures. These large landslides are controlled by

three-dimensional (3D) variations in material strength and

pore-water pressures. The 3D effects of groundwater, geol-

ogy, and landslide geometry greatly complicate analysis of

large, deep landslides when compared to small, shallow

slides. Although the infinite slope analysis has been applied

successfully to shallow landslides, especially where the

landslides are close to the size of the DEM grid cells, infinite

slope analysis is generally inadequate for large deep

landslides. USGS researchers have developed a computer

program, SCOOPS (Reid et al. 2000), to assess the slope

stability of a digital landscape, as represented by a DEM.

SCOOPS has been used to assess the relative stability of

volcanic edifices (Reid et al. 2000, 2001, 2010) as well as

other settings where large landslides might occur (Brien and

Reid 2007, 2008). SCOOPS calculates slope stability by

extending conventional two-dimensional (2D) limit-

equilibrium analysis to three dimensions (3D) using a

method of columns. SCOOPS systematically searches a

digital landscape and computes the stability of millions of

potential landslides encompassing a wide range of depths

and volumes that potentially affect different parts of the

DEM, thereby allowing determination of the minimum fac-

tor of safety at each DEM cell.

Brien and Reid (2007, 2008) assessed the slope stability

of part of southwestern Seattle using SCOOPS coupled with

a 3D groundwater flow model (MODFLOW-2000,

Harbaugh et al. 2000). The availability of high- (3-m-)

resolution digital topography, detailed geologic mapping

(1: 12,000 scale, Troost et al. 2005), and a compilation of

subsurface exploration logs were used to build 3D models of

geology, groundwater, and slope stability. In order to assess

the relative stability of coastal bluffs for potential large

deep-seated landslides, digital topography (represented by

a DEM) was combined with 3D interpretations of geologic

mapping and published strength values for the geologic

units. The 3D geologic model (Fig. 5) consists of four layers

derived from the mapped geologic units. The influence of 3D

pore pressures was incorporated based on the results of a 3D

groundwater flow model using MODFLOW-2000,

calibrated with measured groundwater levels.

The geology of the Seattle area consists of a layer of

permeable glacial outwash sand overlying less permeable

glacial lacustrine silty clay (Troost et al. 2005).

Incorporation of these layers as hydrogeologic units in a

3D groundwater model reproduced an elevated water table

above the less permeable units. This water table produces

elevated pore pressures in the uppermost hydrogeologic unit,

hence a destabilizing factor. The simulated 3D pore-pressure

distribution from average rainy season and extreme rainy

season recharge scenarios were then used to quantify the

stability of the coastal bluffs in SCOOPS. Figure 6 shows

factor of safety results for three potential scenarios: (a)

moderately large potential landslides (3,000–30,000 m3)

with average rainy season recharge, (b) moderately

large potential landslides with extreme rainy season

recharge, and (c) very large potential landslides

(30,000–300,000 m3) with extreme rainy season recharge.

The analyses indicate that the least stable areas (low values

of F, Fig. 6) are steep portions of the uppermost geologic

unit, a permeable sand (Qva, see Fig. 5). The elevated pore

pressures in this geologic unit produce a destabilizing factor

and low factors of safety compared to steep areas in other

geologic units. This result is consistent with historical

observations of the location of deep-seated landslides.

Regions predicted to be least stable include the areas in or

adjacent to three mapped historically active deep-seated

landslides. Groundwater flow also converges in coastal

reentrants, resulting in elevated pore pressures and destabi-

lization of slopes in reentrant regions. As expected, areas of

low factor of safety expand with extreme rainy season

conditions. Factor of safety greatly decreases in the topo-

graphic re-entrants where groundwater flow is concentrated

due to topographic convergence. The results of the 3D

analyses differ significantly from a slope map or results

from one-dimensional (1D) analyses of shallow landslide

potential (Fig. 3).
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Composite Landslide Assessment
One of the advantages of using different approaches to

assess landslide hazard is the ability to make a composite

map showing all hazardous areas identified by the different

approaches. A composite or ensemble map can reduce the

uncertainty about where landslides might happen by com-

bining the results of different analyses that address the

potential for specific types of landslides. Some technical

challenges exist in combining the results of different

mapping approaches to create a defensible composite (i.e.,

Fig. 4 Maps and diagrams showing factor of safety computed using

the TRIGRS model for the Mukilteo study area, about 15 km north of

Seattle. (a) Location and outlines (scarp and deposit) of 1996–1997

shallow landslides. Rectangle indicates area shown in (b–e). Factor of

safety results for (b) saturated infiltration and 1D infinite-slope analysis

(Godt et al. 2008b), (c) unsaturated infiltration and 1D infinite-slope

analysis (Baum et al. 2010), (d) saturated infiltration and simplified 3D

limit-equilibrium slope stability analysis, (e) unsaturated infiltration

and simplified 3D limit-equilibrium slope stability analysis (Baum

et al. 2012) are (f) compared for performance using a Receiver-

Operating Characteristics (ROC) plot. A perfect prediction would plot

at the upper left corner of the ROC plot
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a map created using an objective, reproducible, and quanti-

tatively rigorous method). To combine the two factor of

safety maps, (Figs. 3 and 6), which have continuous values,

with the geomorphologically based map of landslide-derived

landforms, (Fig. 2), we arbitrarily assigned factor of safety

values to each landform type (head scarps, 0.99; landslide

deposits, 1.099; and denuded slopes, 1.199) based on rela-

tive density of historical landslides in each. We then

assigned the lowest factor of safety (corresponding to the

highest susceptibility) among the three input maps to the

composite map.

Figure 7 shows a composite map that combines the areas

identified by the geomorphological approach (Schulz 2007),

the analysis for shallow landslide potential (Godt et al.

2008a), and the analysis for deep landslide potential (Brien

and Reid 2008). This map displays the highest susceptibility

level identified at each grid cell by the component maps to

show the “worst” case. Whereas the map includes many

areas that would be included on a slope map, it also includes

some susceptible areas of low slope and areas of medium

landslide susceptibility are quite different than would be

predicted based on slope alone. Such a map can be used as

an initial screening tool to identify areas that have high,

moderate, or low composite landslide potential, without

being specific about the particular landslide type. This

assumes that the high, moderate, and low potential areas

on the three component maps are equivalent. Equivalent

classes might be established, for example, by setting the

boundaries for high, medium, and low on the factor of safety

maps equal to densities of corresponding landslide types on

the landform map.

Fig. 5 Perspective view, looking south, of the topography in the

southwestern Seattle study area (Fig. 1) with an example of a potential

failure removed. The view shows the 3D geologic model, and one layer

of a small section of a coarse-resolution search grid used in SCOOPS.

Geology is a 3D interpretation (Brien and Reid 2007, 2008) of the

geologic map by Troost et al. (2005). Topography is from the City of

Seattle 3-m DEM (2000, written commun.) (after Brien and Reid 2008,

Fig. 5). Interpretations of geologic unit symbols are Qb—beach

deposits, Qvt—Vashon till, Qva—advance outwash deposits of the

Vashon Drift, Qvlc—Lawton Clay Member of the Vashon Drift,

Qob—Olympia beds (interbedded sand, clayey silt and silty clay)

Fig. 6 Map images showing factor of safety (F), computed using the

slope-stability model SCOOPS, for 3D critical surfaces with associated

volumes between 3,000 and 300,000 m3. A critical surface is the

potential failure with the lowest F at each digital elevation model

cell. F is indicated by color. Results are shown for (a) moderately

large potential landslides (3,000–30,000 m3) with average rainy season

recharge, and (b) moderately large potential landslides with extreme

rainy season recharge, and (c) very large potential landslides

(30,000–300,000 m3) with extreme rainy season recharge. Geologic

contacts are shown as gray lines. Interpretations of geologic unit

symbols are Qb—beach deposits, Qvt—Vashon till, Qva—advance

outwash deposits of the Vashon Drift, Qvlc—Lawton Clay Member

of the Vashon Drift, Qob—Olympia beds (interbedded sand, clayey silt

and silty clay) [modified from Brien and Reid (2008), Fig. 8]
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Relating the landforms and the factor of safety to histori-

cal landslide density might allow a more rigorous assign-

ment of factor of safety to the landforms. We did not attempt

this for the map shown in Fig. 7, due to the different extent of

areas considered in each analysis. Taking this idea a step

further, the landslide density could be used to estimate

landslide probability by adding a temporal frequency

corresponding to computed values of factor of safety for

shallow (Fig. 3) and deep landslides (Fig. 6) respectively

and within each landform type (Fig. 2). A composite map

depicting maximum landslide probability drawn from the

three analyses (shallow landslides, deep landslides, and

landslide landforms) would present a somewhat different

picture than Fig. 7, because it would explicitly consider the

lower frequency of large, deep landslides. In other words,

the weight given to each of the three maps in defining the

composite would be different.

Standardized Methods and Rapid Assessments

Improvements in technology for remote sensing, increas-

ingly rapid dissemination of remotely sensed spatial data,

and GIS have made it possible to standardize methods for

rapidly conducting regional landslide hazard assessments.

For example, Cannon et al. (2010) developed tools for

assessing the potential for debris flows in previously burned

areas. These assessments can be completed in a matter of

days after containment of a wildfire. Similarly, Harp et al.

(2009) devised methods for rapidly assessing potential for

future precipitation-induced landslides after a major storm.

Their method makes use of a landslide inventory for a single

event (i.e., the major storm) to calibrate a factor of safety

model; this has been accomplished even in developing areas

(Honduras, Micronesia) where few or no geotechnical data

are available. In 2005, the Oregon Department of Geology

and Mineral Industries (DOGAMI) began a collaborative

landslide research program with the USGS Landslide

Hazards Program to identify and understand landslide

hazards in Oregon, USA. A major result of this collaboration

has been development of standard procedures (protocols) for

landslide mapping and susceptibility analysis. These

procedures made it possible to map large areas in Oregon

uniformly.

Oregon Landslide Mapping Protocol
Landslides are one of the most widespread, frequent, and

damaging natural hazards in the state of Oregon (Burns and

Madin 2009). To create a consistent landslide inventory for

Oregon as a starting point for assessing landslide hazard,

DOGAMI developed a protocol for mapping recent and

prehistoric landslides using LiDAR imagery (Burns and

Madin 2009). Encouraged by the findings of Schulz (2004,

2007), a pilot project area was selected in western Oregon to

compare remote sensing data/images for effectiveness

(Burns 2007). Data considered in the study included 30-m

SRTM, 10-m USGS DEM, 7-m City of Portland DEM, 1-m

LiDAR DEM, and stereo color aerial photography. Two key

findings from this pilot study were: the use of 1-m LiDAR

data (1) resulted in identification of 3–200 times the number

of landslides found with the other data sets, consistent with

findings in Seattle (Schulz 2004, 2007), and (2) greatly

improved the accuracy of the spatial extent of the landslides

thus identified. Consequently, LiDAR-derived digital eleva-

tion models were selected as the base from which to create

the landslide inventories throughout Oregon. The inventory

includes all landslides, distinguished by type and recency,

that can be identified using the LiDAR imagery, as well as

any landslides known from previous inventories. Creating

the protocol and its associated map template and

geodatabase has somewhat streamlined mapping and publi-

cation of landslide inventory data. Following a standard

Fig. 7 Composite landslide susceptibility map showing worst suscep-

tibility class (high, medium, low) for each pixel based on results shown

in Figs. 2, 3, and 6b. Geologic contacts are shown as gray lines.

Interpretations of geologic unit symbols are Qb—beach deposits,

Qvt—Vashon till, Qva—advance outwash deposits of the Vashon

Drift, Qvlc—Lawton Clay Member of the Vashon Drift, Qob—

Olympia beds (interbedded sand, clayey silt and silty clay)
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procedure reduces time required to map the landslides and

record the attributes by eliminating the need for the mapper

to experiment with visualization techniques or decide what

attributes to map. Nevertheless, successful adaptation of the

protocol requires a mapper with a reasonable level of exper-

tise on the topic and time to represent all the features. Using

the map template and referencing the protocol (Burns and

Madin 2009) similarly simplifies the effort needed to prepare

the map for publication.

The inventory mapping protocol prescribes procedures

for base data acquisition and visualization, mapping land-

slide features and recording attributes in GIS, field checking,

a map template for displaying results, and outlines

limitations and recommended use of the landslide inventory

data produced by the process (Burns and Madin 2009). The

method relies on use of several types of base data: a 1-m

DEM derived from LiDAR data with point density averag-

ing 1 m�2 or better, a slope map derived from LiDAR data,

orthorectified aerial photo of similar age to the LiDAR data,

previous landslide inventories or other data on landslides

within the proposed mapping area, and a geologic map.

Through trial and error, Burns and Madin (2009) determined

optimal procedures for visualizing the data to accurately

identify landslides and map landslide features, such as,

head scarps and internal scarps (Fig. 8). These features are

useful in assessing confidence of landslide identification,

and scarp height is useful in estimating minimum landslide

depth. They also developed a geodatabase template for

acquiring landslide attribute data, including classification,

dimensions and other quantitative data, confidence of inter-

pretation, and geologic unit. Thus, the protocol includes not

only recommended procedures for mapping landslides using

LiDAR data, but also specific guidance on setting up the GIS

geodatabase necessary for mapping and recording tabular

data about each landslide. The final product is a map and

database of landslide deposits and features at a scale of

1:8,000, tiled by quarters of USGS 7.5-min quadrangles

(Fig. 9).

Oregon Shallow Landslide Susceptibility Protocol
In addition to the landslide inventory mapping protocol,

DOGAMI developed a standardized procedure for develop-

ing shallow-landslide susceptibility maps. The shallow-

landslide susceptibility map protocol combines an inventory

of existing landslides, as described previously (Burns and

Madin 2009) with hazard zones derived from a Factor of

Safety map and buffers (Burns et al. 2012). This protocol

also includes a map template for producing a standardized

shallow-landslide susceptibility map at a scale of 1:8,000.

For purposes of this protocol, DOGAMI defined 4.6 m as the

depth boundary between shallow and deep landslides. Like

the protocol for mapping landslides described in previous

paragraphs, the protocol includes not only recommended

procedures for mapping susceptibility to shallow landslides

Fig. 8 Block diagrams and map views showing the four kinds of landslide features that are routinely identified and mapped using the Oregon

landslide mapping protocol [after Burns and Madin (2009), Fig. 12]
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using LiDAR data, but also specific guidance on setting up

the GIS geodatabase necessary for doing the analysis.

The protocol includes several steps. First, all shallow-

seated landslide deposit polygons (except channelized

debris-flow deposits, i.e., fans) and their head-scarp

polygons are queried from the inventory database (described

above) and converted to a raster map with the polygons

assigned to the high-susceptibility zone. The backbone of

the procedure is the factor of safety computation. As with

most other shallow-landslide susceptibility analyses, the

factor of safety is computed using a 1D, cell-by-cell

infinite-slope analysis (Montgomery and Dietrich 1994;

Pack et al. 1998). Specifically, the factor of safety is

computed using the same formula as Harp et al. (2006,

2008). Burns et al. (2012) provide suggested values of geo-

technical parameters for geologic units common throughout

western Oregon. To simplify the GIS analysis, the factor of

safety is computed in a spreadsheet to determine threshold

slope values based on engineering practice as described by

Burns et al. (2012) for high (F < 1.25), medium (1.25 � F

� 1.5), and low susceptibility (F > 1.5) categories (Table 1).

Once the factor of safety categories have been applied to the

LiDAR-derived slope map, the factor of safety map is fil-

tered (or “clipped”) to remove low factor of safety artifacts

of low retaining walls and other fine-scale topographic

features. Filtering is accomplished using local relief of less

than 1.2 m within 4.6 m horizontally of each grid cell.

Clipping areas out of the factor of safety map that have

low values of local relief removes (1) flat areas, (2) areas

with continuous but gentle slopes, or (3) areas with steep

slopes but low relief, such as, a near-vertical step. Case 1 has

no net effect on the map; case 2 limits the amount of relief,

and case 3 is the objective of filtering. Using 1.2 m of local

relief over 4.6 m limits the filtering in areas of continuous

slope (case 2) to slopes less than 15�. Buffers are then

applied to account for potential instability in the (1) areas

directly upslope from landslide scarps and (2) areas of low or

moderate factor of safety (F < 1.5, Table 1, Fig. 10). The

head scarp buffer is a 9.2-m-wide (twice the 4.6-m maxi-

mum depth) buffer applied to the upslope side of all the

shallow landslide head-scarp polygons. A similar 9.2-m-

wide buffer is also applied along the upslope edge of all

areas having F < 1.5 (Table 1, Fig. 10). The final suscepti-

bility map is a composite of the areas of shallow landslide

deposits and scarps, the filtered factor of safety zone map,

and the buffers (Table 1). A map publication template,

similar to the one used for the inventory map, provides for

expeditious dissemination of the finished map.

Discussion and Conclusion

Since the early days of landslide hazard assessment, one of

the major issues has been and continues to be data uncer-

tainty. Hazard and susceptibility maps can commonly

identify a major fraction of the area subject to landslides,

but a remaining smaller fraction remains very difficult to

identify (van Westen et al. 2006). This results in large part

from the difficulty in quantifying subsurface factors such

as groundwater flow patterns, the spatial distributions of

colluvium thickness, physical properties, discontinuities

Fig. 9 Image showing a segment of a landslide inventory map using

Oregon’s landslide mapping protocol [modified from Burns and Madin

(2009), Fig. 24]. Color and symbol designations follow: active or

historical landslides, red; prehistoric landslides, yellow; head scarps,

gold; shallow, solid color; deep, stippled; RS-R rock slide-rotational,

RS-T rock slide-translational, EFL earth flow, ES-R earth slide-

rotational, ES-T earth slide translational, DF debris flow

Table 1 Summary of factors contributing to the final shallow-

landslide susceptibility map

Contributing factors

Susceptibility zones

High Medium Low

Factor of safety (F) <1.25 1.25–1.5 >1.5

Landslide deposits and

head scarps

Included – –

Buffers 2H:1V head

scarps

2H:1V

F < 1.5

–
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and other properties of the subsurface that affect slope

stability. Surrogates for these factors, such as geological

or soils map units, vegetation type, and others too numer-

ous to list, that are commonly used in statistically based

regional assessments are likewise subject to uncertainty

due to transitional or obscure contacts, with unknown

subsurface geometry, and sometimes subtle or subjective

differences between map units. Effects of land use and

land-use changes, as well as temporal climate variability,

likewise introduce uncertainty into hazard assessments. As

a result of these sources of uncertainty, probabilistic

frameworks are commonly needed to couch the results of

hazard assessments. Regardless of expected advances in

probabilistic analysis, which will surely help, major future

progress in landslide hazard assessment will in large mea-

sure depend on progress in reducing data uncertainty.

Despite the difficulties imposed by data uncertainty,

technological advancements have enabled significant

progress. High-resolution topographic data, particularly

when used in combination with high-resolution optical

imagery, can contribute to greatly improved mapping and

identification of landslide deposits and features as

demonstrated by recent work (Schulz 2004, 2007; Burns

2007; Burns and Madin 2009; Roering et al. 2009). This

is encouraging because high-quality landslide inventories

are the backbone of regional and medium-scale landslide

hazard assessments (Harp et al. 2011) and besides topog-

raphy and optical imagery, few other data that are needed

to specify landslide susceptibility or slope stability model

parameters exist in many areas of the world.

Improvements to deterministic models, such as those

demonstrated here, are contributing to progress in

Fig. 10 Sample maps illustrating head-scarp and Factor of Safety, F,
buffer components (Table 1) of Oregon’s shallow landslide suscepti-

bility protocol. (a) Landslide inventory (landslide deposits shown as

yellow polygons and head scarps shown as red polygons) displaying the

top of head scarps above the top of the locally steep slope (riverbank)

area. (b) F zone map filtered to remove artifacts from low-relief

features. (c) Filtered F zone map with head scarp and F buffers added

[modified from Burns et al. (2012), Fig. 21]
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regional landslide hazard assessment by making better

use of those data that are available and making better

estimates of potential landslide volume (Brien and Reid

2007, 2008). As GIS-based models of slope stability

continue to improve and become integrated with models

for debris flow and debris avalanche runout (Schilling

1998; Griswold and Iverson 2008), they can contribute

to better estimates of downslope areas potentially

impacted by landslides. Recent and ongoing research to

improve models for predicting or mapping soil or collu-

vial depth is also expected to contribute to more accurate

assessments of shallow landslide hazard (Dietrich et al.

1995; Roering 2008; Schulz et al. 2008; Pelletier and

Rasmussen 2009; Catani et al. 2010; Ho et al. 2012).

Ongoing work in model parameterization using sensitiv-

ity and probabilistic approaches combined with analysis

of one or more historical landslide events is showing

promise as a way to calibrate deterministic models

(Gioia et al. 2013; Raia et al. 2013). These developments

can make deterministic models useful in a wider range of

settings, because even in many highly developed

countries, few relevant data are available for most areas

and spatial distribution of important factors is rarely

known in sufficient detail.

Data and model uncertainty will always exist even as

models improve and technological advancements make it

possible to reduce uncertainty in certain types of spatial

data. Nevertheless, if the current momentum of techno-

logical advancement and landslide hazard research

continues unabated throughout the next decade, we can

look forward to considerable progress in understanding

and modeling where, when, and how often landslides are

likely to occur. We can also expect advances in predicting

their volumes and extents and being able to apply that

knowledge to regional assessments of landslide hazard.
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Plenary: Progress in Landslide Dynamics

Kyoji Sassa, Bin He, Khang Dang, Osamu Nagai, and Kaoru Takara

Abstract

Landslide Dynamics is a relatively new field in Landslide Science. Reliable scientific

knowledge to assess the motion of landslides including hazard area, speed and depth is

needed to reduce human loss from landslides. However, the initiation and motion of

landslides is not easy to explain quantitatively because of pore-pressure generation during

initiation and motion, and continuing changes in grain size, grain shape and water content

of the involved soils in the shear zone. An apparatus has been developed to physically

simulate the formation of sliding surfaces and the post-failure motion of the involved soils

under realistic stresses. It can simulate pore-pressure increase due to rain water infiltration

and dynamic loading due to earthquakes in the field, and can monitor pore-pressure

generation, and mobilized shear resistance together with shear displacement. The apparatus

has evolved from the model DPRI-1 in 1984 through DPRI-2, 3, 4, 5, 6, to the model ICL-1

in 2011 and ICL-2 in 2013. This apparatus which is called the landslide ring-shear

simulator is now in use in foreign countries. This paper presents the progress of the

landslide ring-shear simulator and its application to earthquake-induced landslides, the

2006 Leyte landslide killing over 1,000 people, the 1792 Unzen Mayuyama landslide

killing 15,000 people, and a hypothetical Senoumi (Stone flower sea) submarine megaslide

using a cored sample from 190 m below the sea floor. A new integrated computer model

(LS-RAPID) simulating the initiation and motion using soil parameters obtained from the

landslide ring-shear simulator has been developed in parallel with the development of

landslide ring-shear simulator. LS-RAPID was applied to the three earthquake-induced

landslide cases mentioned above. The simulations included two triggering factors: pore-
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water pressure and three-component seismic waves. The combination of landslide ring-

shear simulator and integrated landslide simulation model provides a new tool for landslide

hazard assessment.

Keywords

Landslide dynamics � Ring shear apparatus � Landslide simulation � Computer model

Introduction

Slope-stability analysis is to study whether a slope fails or

not, and is the main tool for the study of landslide initiation.

Landside dynamics is to study landslide mobility after fail-

ure. The former study focuses on the design of engineered

slopes including embankments and earth dams, and also the

prevention of occurrence of landslides. The latter study

focuses on landslide hazard and risk assessment to identify

the hazard level, area exposed to hazard and landslide veloc-

ity if the landslide were to occur. These data are necessary

for early warning, evacuation and land-use planning to

reduce human loss. The necessary geotechnical parameters

and deformation in testing for each study are different.

Slope-stability analyses need the peak shear resistance at

failure and the mobilized shear deformation/displacement

is usually of the order of a few mm or cm before the failure,

although this depends on the sample size. On the other hand,

landslide dynamics needs the steady-state shear resistance

mobilized during post-failure motion. Results of basic geo-

technical tests such as the triaxial test and direct shear tests

are used in slope stability, while the results from physical

simulation tests (i.e. undrained dynamic-loading ring-shear

test) reproducing the sliding surface and post-failure motion

are used in landslide dynamics. The comparison is shown in

Table 1.

The science of slope-stability analysis advanced much

earlier than landslide dynamics. Many people are killed by

landslides especially in the developing countries due to

urbanization and extensive regional development. Expen-

sive landslide prevention works are difficult in developed

countries as well as in the developing countries within lim-

ited budgets. The most effective and economical way to

reduce human loss from landslides is landslide-hazard

assessment and disaster preparedness including early warn-

ing, evacuation and land-use planning. A limited displace-

ment and/or a low speed of motion may cause failure of

structures but not be dangerous for humans. A high-speed,

long-runout and wide-spreading motion may cause a great

disaster. The significance of landslide dynamics is becoming

more important.

Development of Landslide dynamics needs a tool to mea-

sure the mobilized geotechnical parameters after the

formation of a sliding surface—the post-failure strength

reduction to its value at steady-state motion. It also needs

an integrated computer model to simulate both the initiation

and the motion of the landslide within the same programme

using the geotechnical parameters mobilized in the landslide

motion. This contribution summarises three decades of

development of our tools for measuring dynamic geotechni-

cal parameters (namely the landslide ring-shear simulator)

and our development of a computer simulation from the

initiation to the motion. It focuses on the research and

technological developments which have been implemented

in the Disaster Prevention Research Institute (DPRI), Kyoto

University, Japan and the International Consortium on

Landslides since 1984.

The Landslide Ring-Shear Simulator

Aim and Concept of the Landslide Ring-Shear
Simulator

The formation of a sliding surface is not a simple phenome-

non. Strain is not defined in the shear zone. Grains of soil in

the shear zone are crushed or broken. Size and shapes of

grains in the shear zone are changed. Those changes neces-

sarily affect pore-water pressure due to volume change in the

shear zone. The extent of changes is different for different

soils such as volcanic or sedimentary, angular or round, hard

or soft minerals. The confining stress level much affects the

behaviour of grain crushing in the shear zone. It is difficult to

infer a reliable general principle for all the cases of concern.

The basic concept of the landslide ring-shear simulator

(Fig. 1) is to reproduce the stresses due to gravity, seismic

force or pore pressure on soils taken from the field and to

observe what happens; fail or not fail, excess pore-water

pressure generated or not generated in the initiation, failure,

and post-failure processes, and how much shear resistance is

mobilized in the whole process.

Figure. 2 illustrates the landslide initiation mechanism

due to increase of pore-water pressure in deep and shallow

slides. The upper figure shows the soil column with a unit

length along the bottom of a soil (weathered rock) layer, or

more precisely, a landslide-susceptible layer. The weight of
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the soil column is expressed as m x g in Fig. 2. where, m is a

mass of the soil column, and g is gravity.

If no ground-water table exists within the soil column,

that is, zero pore-water pressure is acting, the initial stress at

the bottom on this column is plotted as “I” in the stress-path

figure of normal stress and shear stress.

Normal stress at I is σ0 ¼ mg · cosθ, Shear stress at I is
τ0 ¼ mg · sinθ.

Note:

1. The initial stress point is located on the line with an

inclination of angle θ.
2. The distance between the origin and the stress point I

presents m � g (¼ the weight of soil column).

When ground-water level increases, pore-water pressure u

increases. The stress moves toward to the left. When the stress

reaches the failure line, shear failure will occur at the stress at

failure (shown as red circle along the failure line). Deeper

slides need a greater pore-pressure rise as seen in the Fig. 2.

τf ¼ cþ σ � tanφ ð1Þ

Figure 3 presents the loaded stress in the slope (a: left

figure) and the stress path during earthquakes (b: right fig-

ure). The initial stress acting on the bottom of the landslide-

susceptible layer (mg) is plotted as A0 (if no pore pressure is

acting, it is the same as I in Fig. 2). When an earthquake

occurs and a cyclic seismic load is applied, the loaded stress

is expressed by k · mg, where k is seismic coefficient which

is the ratio of seismic acceleration (a) and gravity (g),

namely k ¼ a/g.

Table 1 Slope stability and landslide dynamics

Necessary items for both analysis Slope stability Landslide dynamics

Objectives of analysis Design of engineered slopes and

prevention of landslide occurrence

Landslide-risk assessment for early warning, evacuation or land-

use planning

Necessary parameters Shear strength parameters (Shear

resistance at failure)

Steady-state shear resistance during post-failure motion

Necessary deformation in testing Order of mm to cm until failure Order of m in shear displacement

Difference from the initial state of

grain size/shape/structure

The initial state is mostly kept The initial state is completely lost

Testing methods Element tests such as triaxial tests and

direct shear tests

Physical simulation test to reproduce sliding surface and post-

failure motion (i.e.: Landslide ring-shear simulator)

Application of measured data Slope-stability analysis Numerical simulation of landslide motion

Basic science/analysis Soil mechanics—stability analysis Soil dynamics—landslide dynamics

Fig. 1 Concept of landslide ring-shear simulator

Fig. 2 Initiation by ground water rise (pore-pressure increase)
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When expressing the direction of seismic force as α from

vertical direction, the direction of the seismic stress incre-

ment in the stress diagram (b) is expressed as (α + θ).
The effective stress path during an earthquake is not in

the same direction as the total stress path.

Figure 3 illustrates the case where the initial stress + the

seismic stress reach the failure line.

When pore-water pressure is generated during seismic

loading, the effective stress path shifts from A0 to Af.

When the seismic stress reaches or even crosses the failure

line, the difference between shear stress and shear resistance is

used to accelerate the soil column. Each time period when

stress crosses over the failure line is short. If post-failure shear-

strength reduction does not occur, the shear displacement will

be very limited and stabilized after termination of the earth-

quake. However, if shear resistance is much decreased after

failure, rapid motion will occur due to the difference between

applied shear stress and mobilized shear resistance on the

sliding surface. The landslide ring-shear simulator (undrained

dynamic-loading ring-shear apparatus) can reproduce the

post-failure motion, measure the pore-water pressure

generated in the shear zone and the resulting shear resistance

during motion including that under steady state conditions.

Development of the Dynamic-Loading Ring-
Shear Apparatus Series (from DPRI-1 to ICL-2)

Sassa and colleagues of the Disaster Prevention Research

Institute (DPRI), Kyoto University and the International

Consortium on Landslides (ICL) have developed a series

of dynamic-loading ring-shear apparatus from DPRI-1 (ini-

tial version, 1984), DPRI-2, DPRI-3, DPRI-4, DPRI-5,

DPRI-6, DPRI-7, ICL-1 and ICL-2 (the latest version,

2013). To reproduce most earthquake-induced landslides it

is necessary to maintain a undrained condition in the soil

sample. Pore-water pressure is very important in the mecha-

nism of the long runout landslides. Maintaining an undrained

condition and measuring pore-water pressure accurately are

difficult to achieve. Models DPRI-1 and DPRI-2 could not

create the undrained condition although rapid shearing could

be produced. Model DPRI-3 was an intermediate version

from the initial model to the developed version of the appa-

ratus. Model DPRI-4 was a trial version, and models DPRI-5

and DPRI-6 were produced at the same time after obtaining a

special budget to mitigate earthquake disasters soon after the

Hyogoken Nambu Earthquake in 1995. These two apparatus

are developed versions of an undrained dynamic-loading

ring-shear apparatus having the features of undrained condi-

tion, pore-water pressure monitoring near the sliding sur-

face, and dynamic loading (regular cyclic or filtered real

seismic record). These two apparatus succeeded reproducing

sliding-surface formation and measuring post-failure motion

in rain- and earthquake-induced landslides. Sassa planned to

test large-scale landslides and aimed to test under 2 MPa

(DPRI-5) and 3 MPa (DPRI-6). However, these devices

failed to reach this intended high stress state in a stable

manner and also failed to maintain an undrained condition

under this high stress state. For these reasons sensors were

changed to smaller capacities. They successfully tested up to

500 kPa (with one successful test to 630 kPa in Fig. 12 in

DPRI-5). The latest models ICL-1 and ICL-2 use a different

loading system, successfully allowing higher normal stress

and maintaining an undrained condition up to 1 MPa (ICL-1)

and 3 MPa (ICL-2).

The aim of models DPRI-1 to DPRI-7 was scientific

research to achieve high-precision results for science. The

aim of models ICL-1 and ICL-2 is for practical use, less

expensive to manufacture, lower-cost maintenance, and the

capability to be maintained abroad. Both apparatus were

developed to donate to developing countries, one to Croatia

and the other to Vietnam.

We introduce the initial apparatus DPRI-1, the intermedi-

ate DPRI-3, one of the developed stage (DPRI-6, the largest

model), and the latest and most advanced model ICL-2 using

three figures of the structures (Figs. 4, 5 and 6) and two tables

of characteristics (Table 2) and sealing structures for

maintaining undrained condition (Table 3). Figure 4 presents

the structure of models DPRI-1 and DPRI-3. The initial

model (DPRI-1 in the upper figure of Fig. 4) aimed to repro-

duce the shear zone of debris flows. The concept was to use a

circular device to represent an endless flume. Loading stress

is achieved with a motorcycle inner tube. This was not an

undrained condition. A water container was attached outside

the shear box. Sponge rubber was pasted in the gap between

upper and lower shear boxes as shown in Table 3. Water

could move freely through the edge.

The DPRI-3 structure is presented in the lower figure of

Fig. 4. It has a loading frame similar to a triaxial test

Fig. 3 Initiation by seisimc loading during earthquakes. (a) Loading

stresses in the slope, (b) Stress paths during earthquakes
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apparatus. Normal stress is loaded by air-servo valve and

compressor. Initially, the undrained condition was not kept.

A water bath was attached outside the shear box as seen in

Fig. 4. Pore-water pressure was measured by inserting a

needle (covered by porous cup) through the top cap

connecting to a pore-pressure sensor. Pore-water pressure

monitoring was unsuccessful. The area exposed to the pore

water was too small to push the diaphragm of the pore

pressure sensor. The sensitivity was insufficient and the nee-

dle was deformed by the shear displacement. The mechanism

of model DPRI-3 was improved. The DPRI-3 (final) in

Table 3 presented the eventual mechanism to measure pore-

water pressure and to keep the undrained condition. To

increase the contact stress between the rubber and upper

shear box, the top of the rubber edge was changed from flat

to stepped, thus reducing the contact area. The area exposed

to water pressure was much increased by installing a metal

filter around the whole circumference of the upper and outer

shear box. A smaller diaphragm pore-pressure sensor was

also used. This system dispensed with the water container,

but still could not produce a perfect undrained condition.

In January 1995, the Kobe earthquake occurred and 36

persons were killed by a rapid landslide. The mobility of the

landslide was one of a debris flow, however, there was no rain

at all during this very dry season and no water present in a

very small river at the toe of the slope. A landslide study was

needed to investigate this mechanism and to mitigate future

landslide disasters. Funding to develop an advanced

undrained dynamic-loading ring-shear apparatus was

obtained. Then, we developed two apparatus (a large shear

box (25–35 cm) and a smaller one (12–18 cm)). We aimed to

produce a high stress of 2–3 MPa. To create this capacity,

DPRI-6 has two stress- and speed-control servo-motors

(37 kW) and DPRI-5 has a 37 kW motor plus an oil piston

to give additional shear load around peak failure strength.

Both attempts failed to produce such a high shear force. We

could not maintain the undrained state at such high stresses,

and also we could not control the normal stress at such a high

level. This was caused by several reasons: at high load, the

tall poles of the frame were extended, and the horizontal

beam to load normal stress was deformed. The deformation

was elastic, and when sudden stress change occurs, the servo-

control system could not work properly due to the oscillation.

We had great difficulty reproducing stresses and shear

failure with crushable sand grains at such high stress levels.

The structure and the photo of DPRI-6 are shown in Fig. 5.

One advancement was a vertical positioning bar (shown in

red in Fig. 5 right) passing through the central axis. The bar

was fixed to the loading plate and moved together with the

upper shear box. The displacement of the bottom of the

vertical positioning bar was measured by a gap sensor

connected to the stable base, namely the lower shear box.

The gap between the upper shear box and the lower shear

box was measured by a gap sensor with a precision of 1/
Fig. 4 I The initial stage of apparatus of DPRI-1 and the intermediate

apparatus of DPRI-3
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1,000 mm. However, it was unsuccessful in avoiding oscil-

lation in the gap servo-control system at a level of MPa.

Figure 6 presents the latest model undrained dynamic-

loading ring-shear apparatus which has been developed to

simulate megaslides up to 3 MPa, and planned to be donated

to Vietnam in 2014. The ease of maintenance in Vietnam

was a major consideration in the design. A photograph of the

main apparatus is presented in the left top (a). Figure b

presents the mechanical structure of model ICL-2. The

greatest difference between (ICL-1 and ICL-2) and (DPRI-

3 and DPRI-6) is the system for loading normal stress.

Models DPRI-3 and DPRI-6 have a long loading frame

consisting of two long vertical pillars and one horizontal

beam. The frame is extended and compressed in pillars and

deformed in beam during changes in loaded stress due to

cyclic and seismic loading and sudden stress changes when

grains or soil structures fail due to high normal or shear

stress. This sometimes disturbs the function of the servo-

control system and an oscillation occurs. To minimize the

effect of extension/compression and deformation, the load-

ing frame is removed in the ICL series. The basic concept

returns to the DPRI-1 loading system without the loading

frame. In DPRI-1, an air tube pressed to the sample and the

loading cap which was restrained by the central axis. The

loading normal stress is provided by a tensile stress along the

central axis. Models ICL-1 and ICL-2 achieve this via a

loading piston in place of an air tube. Figure 6b, d shows

the structure and the servo-control system of ICL-2. Oil

pressure within the loading piston is controlled by servo-

valve (SV) using the feedback signal from the load cell (N)

measuring the normal stress. When a testing programme

has been selected and a control signal given for monotonic

stress, cyclic or seismic stress loading, oil is pumped into the

loading piston, loading the normal stress by pulling on the

central axis. The normal stress acting on the sliding surface

(upward) is retained by the central axis (downward), and this

load is measured by the vertical load cell (N). In this system,

the role of the two long pillars used in models DPRI-5, 6, and

7 was replaced by one short central axis column and the role

of the long horizontal beam is replaced by the loading piston.

Deformation of this system is much smaller than in the frame

loading system. This structure enables stable servo-stress-

control. The minimum deformation during cyclic and seis-

mic loading and possible sudden stress change due to grain

crushing on sands has enabled maintenance of an undrained

state up to 3 MPa during tests.

Another difference between the DPRI series apparatus

(DPRI-5, 6, 7) and the ICL series is the rubber edge which

has a critical role for sealing. Rubber edges of all DPRI

series apparatus were glued to the shear box. A constant

thickness of glue is impossible to achieve and the height of

the upper surfaces of the rubber edges of the inner ring and

the outer ring must be the equal to maintain an undrained

condition. Hence after a new rubber edge had been glued to

the shear box, it had to be machined by a skilled technician.

In the ICL series, the rubber edges are fixed without glue as

is illustrated in Table 3 (ICL-2). This shape (grey color) of

rubber edge is processed from a constant-thickness rubber

plate. A number of rubber edges of this shape can be com-

mercially purchased in reasonable cost. The rubber edge is

simply placed on the lower ring. Then the rubber edge is

pressed by a Teflon ring holder, and this holder is pressed in

Fig. 5 The developed stage of

apparatus of DPRI-6. Models

DPRI-5 and DPRI-7 are the

basically same system though the

shear-box size, the maximum

velocity and the loaded maximum

stresses are different
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turn by a steel ring holder fixed by a set of screws No glue or

specialist machining are needed. The Teflon ring holder was

designed for the high stress of ICL-2 (3 MPa). Because the

rubber edge used in DPRI-6 was deformed outwards due to a

high lateral stress, it could not maintain undrained state. To

prevent such deformation in the ICL series, a Teflon ring

Fig. 6 The most updated and practical apparatus of ICL-2. ICL-1 and

ICL-2 are developed for use and maintenance in foreign countries. (a)

Photograph of the main apparatus, (b) Mechanical structure of the main

apparatus, (c) Close-up view of the shear box and the undrained sealing

and pore pressure monitoring, (d) Servo-control systems for normal

stress and pore pressure through servo-valves (SV) and servo-control

systems for shear stress and gap through servo-motors (SM)
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Table 2 Characteristics of each stage of the ring shear apparatus (DPRI-1, 3, 6 and ICL-2)

Type Characteristics

DPRI-1 • Aim: to reproduce debris-flow motion under a certain normal stress within a rotational channel

• Target: Debris flows frequently occurred in Volcano Usu, Volcano Sakurajima and others in Japan

• Normal stress

Maximum normal stress: 40 kPa

Loading system: Rubber tube by air compressor and regulator which was installed between the loading plate and the top cap of the

upper shear box (no loading frame)

Monitoring: one load cell by automatic side-friction canceling

• Shear stress

Shear box: 300–480 mm in diameter and transparent acrylic shear box

Loading system: Speed- control motor

Maximum shear speed in the center of shear box: 100 cm/s

• Gap control, undrained condition, and pore pressure monitoring

Gap control system: Manual gap control by measuring the position change of the upper loading plate

Sealing of sample leakage: Silicon rubber

Undrained condition: Not possible

No pore pressure measurement

• Major reports: Sassa (1984) in 4th ISL and Sassa 1988 in 5th ISL, Lausanne

DPRI-3 • Aim: to reproduce earthquake-induced landslides.

• Target: Ontake landslide triggered by the 1984 Naganoken-Seibu earthquake in Japan.

• Normal stress

Maximum normal stress: 500 kPa

Loading system: Loading piston with air servo-valve, compressor and loading frame to support piston

Monitoring: two load cells, one for loading pressure, another for side friction within the shear box

• Shear stress

Shear box: 210–310 mm in size with a transparent acrylic outer ring

Loading system: Stress-control and speed-control motor

Maximum shear speed in the center of shear box: 37 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Sealing of water leakage: Polychloroprene (®Neoprene) rubber edge passed on the lower ring (Rubber hardness Index, 45�JIS)
Gap control: Servo-gap control system by measuring the position change of the upper loading plate and adjusting by servo-motor

(Extension of central axis was neglected)

Undrained condition and pore-water pressure monitoring: It was improved from 6th ISL in Christchurch 1992–1994

Successful undrained condition: 400 kPa

Pore pressure was monitored by a needle inserted close to the shear zone in 1992. It was monitored from the gutter (4 � 4 mm)

along the whole circumference of the upper-outer shear box 2 mm above the gap in 1994

Major reports: Sassa (1992) in 6th ISL and 7th ICL in 1996

DPRI-6 • Aim: to develop landslide ring-shear simulator

• Target: Nikawa landslide killing 34 persons. Triggered by the 1995 Hyogoken-Nambu earthquake

• Normal stress

Maximum normal stress: designed for 3,000 kPa. However, normal stress servo-control system does not function well. Tests were

conducted to 750 kPa by changing the normal stress load cell

Normal stress loading system: Loading piston by oil servo-valve and oil-pressure pump and loading frame to support piston

Monitoring: two load cells: one for loading pressure, the other for side friction within the shear box

• Shear stress

Shear box: 250-350 mm in size with non-transparent outer and inner rings of stainless steel. Maximum shear speed in the center of

shear box: 224 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Rubber edge in the gap: Polychloroprene rubber with Rubber hardness Index, 45� JIS
Gap control: Piston with oil servo-valve and oil pressure pump by measuring the position change of the upper loading plate. To

avoid the effect of extension of central axis, a displacement guide was installed within the central axis

Successful undrained condition: 550 kPa

Pore pressure is monitored along the entire circumference of the upper-outer shear box 2 mm above the gap (same with DPRI-3)

• Major reports: Sassa et al. 2004 in Landslides, Vol.1, No.1

ICL-2 • Aim: to develop a landslide ring-shear simulator for mega-slides (3 MPa normal stress) and able to be maintained in a developing

country

• Targets: 1792 Unzen Mayuyama landslide killing 14,528 persons and submarine mega-landslides including a 30 km wide and

20 km long possible landslide trace in Senoumi, Suruga Bay in Japan

• Normal stress

Maximum normal stress: 3 MPa

Normal-stress loading system: Loading piston by oil servo-valve and oil pressure pump which is retained by the central axis (no

loading frame)

Monitoring: One load cell with automatic side-friction canceling

(continued)
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horizontally supports the rubber edge. The height of the

rubber edge is gradually reduced by wear during

experiments. If the steel ring holder were to touch the

upper ring, it would mobilize a large shear resistance and

damage the upper ring. The Teflon ring is softer than steel

and has low friction, and so it causes no damage. However,

when wear allows the Teflon ring to touch the upper ring, it

can be noticed that it is time to change rubber edge.

Models ICL-1 and ICL-2 have been developed for practi-

cal use for landslide risk assessment in other countries

including developing countries. Model ICL-1 is small,

light-weight and transportable, and capable of testing up to

1 MPa at low shearing speed (5.4 cm/s). Model ICL-2 was

designed for up to 3 MPa and up to 50 cm/s. Both

apparatuses are commercially available as practical testing

machines (although careful handling is needed). Apparatus

ICL-1 was donated to Croatia and it is currently working in

the laboratory of the Faculty of Civil Engineering, Univer-

sity of Rijeka. Apparatus ICL-2 is planned to be donated to

the Institute of Transport Science and Technology (ITST) of

the Ministry of Transport, Vietnam.

Application of the Landslide Ring-Shear
Simulator

The undrained dynamic-loading ring-shear apparatus (land-

slide ring-shear simulator) of the developed stage of ring-

shear apparatus (DPRI-5 and 6) were applied to many cases

and reported in Sassa et al. (2004, 2005, 2010 and others).

Two test results using DPRI-5 are introduced here.

Initiation and Motion of Landslides Triggered by
Earthquakes (Higashi-Takezawa Landslide)
Figure 7 presents the Higashi Takezawa landslide triggered

by the 2004 Mid-Niigata Prefecture earthquake (M 6.8). The

landslide occurred within a previous landslide mass as

illustrated in the figure. The sliding surface was formed at

the contact between a siltstone layer and a sand layer. We

tested two samples taken from the siltstone and the sand

layer. We performed a cyclic loading test and also a seismic

loading test using the nearest seismic record. The test results

were reported in Sassa et al. (2005). Figure 8 shows the time

series data (a) and the stress path (b) of the seismic loading

test on sands taken from the landslide. The green color line in

Fig. 8a is normal stress. The wave form of normal stress can

reproduce the calculated normal stress from the monitored

seismic record. The red color line in Fig. 8a presents shear

stress. The shear stress cannot exceed the failure line, so the

shear stress over the shear strength is cut off. The blue color

line shows the pore pressure generated in the sample. It was

increased during seismic loading and also in the progress of

shear displacement, reaching a level very close to the normal

stress. Therefore, the steady-state shear resistance was very

low as shown in the red effective stress path (ESP) in Fig. 8b.

Accordingly, the apparent friction angle (calculated from the

ratio between the mobilized shear resistance and the total

normal stress) was only 2.5�. The blue color line in Fig. 8b is
the total stress path (TSP). Cyclic loading tests were

conducted on silts taken from the silt layer (Sassa et al.

2005). No pore-water pressure was generated during cyclic

loading tests for silts and limited motion occurred only while

the loaded stress was over the failure line, but stopped imme-

diately the loading stopped. We concluded that the sliding

surface probably formed at the base of the sand layer, and not

at the top of the siltstone layer.

Application to Landslide-Induced Debris Flows
Another example of the application of the landslide ring-

shear simulator is tor the 2003 Minamata debris-flow

disaster. A landslide occurred on a mountain slope and the

landslide mass moved onto a torrent deposit. A sliding

surface was created within the torrent deposit and the

enlarged mass including the initial landslide mass plus the

scraped torrent deposit flowed along the torrent and killed 15

people in a village constructed on an alluvial fan.

Figure 9 explains the model of the landslide-triggered

debris flow (Sassa et al. 1997). The stress on the base of

the soil column is presented in Fig. 9b. The initial stress at

the base of the torrent deposit is expressed by the point “A”.

Table 2 (continued)

Type Characteristics

• Shear stress

Shear box: 100–142 mm in diameter with non-transparent outer and inner rings of stainless steel

Shear speed in the center of shear box: up to 50 cm/s

• Gap control, undrained condition, and pore-pressure monitoring

Rubber edge in the gap: Polychloroprene rubber with Rubber hardness Index, 90�JIS
Gap control: Mechanical jack driven by a servo-control motor with feed-back signal of gap sensor for the position change of the

upper loading plate. (to avoid the effect of extension of central axis, a displacement guide is installed within the central axis)

Successful undrained condition: 3 MPa

Pore pressure is monitored along the whole circumference of the upper-outer shear box 2 mm above the gap

Major reports: Contributed to Landslides in 2013 and this paper
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Table 3 Progress of the sealing of the gap

Type Section of Sealing Notes

DPRI-1 • Sponge rubber was pasted on the upper edge

• Samples were glass beads and coarse sands

• Drained condition

DPRI-3

(initial)

• Square shape of the polychloroprene rubber edge (Rubber

Hardness Index is 45� JIS) was pasted onto the lower ring

• Incomplete undrained condition

• Water bath is set outside of the shear box

• Unsuccessful pore-pressure measuring

DPRI-3 (final)

• Stair shape of the polychloroprene rubber edge (Rubber Hardness Index is 45� JIS) was pasted onto the lower ring

• Successful undrained condition up to 400 kPa under 0.1 Hz cyclic test

• Successful pore-pressure measuring through the gutter along the whole circumference in the upper ring

DPRI-6 Stair shape of the polychloroprene rubber edge (Rubber Hardness

Index is 45�JIS) is pasted onto the lower ring

After rubber edge is pasted, the upper surface of inner and outer

rubber edges needs to be processed by a lathe or file to ensure that

the rubber surface is everywhere the same height

Successful undrained condition up to 550 kPa under realistic

seismic wave loading

Successful pore-pressure measuring through the gutter along the

entire circumference in the upper ring

(continued)
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If no excess pore pressure is generated during rapid loading

by a moving landslide mass, the stress point moves to point

C by adding the static stress (ΔW) to the initial stress. In

addition, by adding the dynamic stress (Fd) to the static

stress, the total stress moves to point B. Therefore, the stress

path in the actual field case tends to move from point A to

point B. However, when the stress path reaches the failure

line, it moves along the failure line as seen in Fig. 9b,

because the stress path cannot exceed the failure line. At

the point where the dynamic stress reduces to zero, the total

stress moves back to the stress point C, namely the sum of

W0 and ΔW. Denoting the angle of thrust during the colli-

sion with the torrent deposit as α and the dynamic stress as

Fd, using a dynamic coefficient kd ¼ (Fd/ΔW), the dynamic

shear stress and normal stress are expressed as:

Table 3 (continued)

Type Section of Sealing Notes

ICL-2 The polychloroprene rubber edge (grey) (Rubber Hardness Index is

90�JIS) was pressed by a polytetrafluoroethylene (teflon) ring

holder (pink) which was pressed by a stainless steel ring

No glue was used. The rubber edge was simply placed and pressed

Successful undrained condition up to 3,000 kPa

Successful pore-pressure measuring up to 3,000 kPa

Fig. 7 The Higashi-Takezawa landslide induced by the 2004 Mid-

Niigata Prefecture earthquake (M 6.8)

Fig. 8 The result of the seismic loading ring shear test by DPRI-6 for

sands taken from the landslide
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Fdcosα ¼ τd,Fdsinα ¼ σd ð2Þ

The stress path from A to B to C is the total-stress path

(TSP) in the case where no pore pressure is generated.

However, excess pore pressure is likely to be generated

during loading and also during shearing after failure. In

this case, the effective-stress path (ESP) will deviate from

the total-stress path(TSP) as a curved line from A to D.

When the landslide mass moves from a steep slope to a

gentle slope, the angle α is great, but when the landslide

mass (i.e., the debris flow) travels along the torrent, the angle

α is zero. Figure 10 presents the test result simulating the

case of the landslide (debris) mass moving onto the torrent

deposits. The gradient of the torrent bed was 15�, the depth
of the torrent deposit was 2–4 m, and the dynamic coefficient

was 0.9. Because of rapid loading by the fast-moving slide

mass (more than 10 m/s), the test was carried out under

undrained conditions similar to the seismic loading test. A

sliding surface was formed inside the torrent deposits which

were composed of reworked andesitic lava or tuff breccia.

The test result of this landslide ring-shear simulator

visualized that the torrent deposit must shear and move

together with the original slide mass. Only 18.5 kPa was

necessary as an additional shear stress to cause shear failure.

The mobilized apparent friction angle was only 1.9� in this

rapid and undrained loading condition as seen in the stress

path (Sassa et al. 2004).

Development of a Numerical Simulation Using
Measured Parameters

Theory of the Integrated Simulation Model

The basic concept of this simulation is explained in Fig. 11.

A vertical imaginary column is considered within a moving

landslide mass. The forces acting on the column are (1) self-

weight of the column (W), (2) seismic forces (vertical seis-

mic force Fv, horizontal x–y direction seismic forces Fx and

Fy), (3) lateral pressure acting on the side walls (P), (4) shear

resistance acting at the base (R), (5) the normal stress acting

at the base (N) given by the stable ground as a reaction

Fig. 9 Thematic figure of the landslide-induced debris flow (Sassa

et al. 1997). (a) Illustration of the model; (b) stress path of the torrent

deposit during loading. α: angle of thrust between the slope and the

torrent bed; F d: dynamic stress; k d: dynamic coefficient (Fd/ΔW)

Fig. 10 Test result simulating the torrent deposit scraped by undrained

loading of a moving landslide mass (BD ¼ 0.89). (a) Control signal for

normal stress and shear stress simulating the undrained loading on the

torrent deposit, (b) Monitored loaded normal stress, generated pore

pressure, mobilized shear resistance and shear displacement during

undrained loading, (c) Monitored total stress path (black) and effective

stress path (red) during undrained loading
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against the normal component of the self-weight, (6) pore

pressure acting at the base (U).

The landslide mass (m) will be accelerated by a force (a)

given by the sum of these forces: driving force (self-weight +

seismic forces) + lateral pressure + shear resistance

am ¼ Wp þ ∂Px=∂x � Δxþ ∂Py=∂x � Δy
� �þ R ð3Þ

Here, R includes the effects of forces of N and U in

Fig. 11 and works in the upward direction of the maximum

slope line before motion and in the opposite direction of

landslide movement during motion.

The slope angle varies depending on the position of the

column within landslide mass. All stresses and

displacements are projected to the horizontal plane and

calculated on the plane (Sassa 1988).

Effect of Soil Depth in the Landslide Mass on the
Steady-State Shear Resistance
The most important factor in predicting the motion of

landslides is the steady-state shear resistance. The term

“Steady State” is defined as the stress state at the failure

surface in which shear displacement will proceed without

any change of stress. Steady-state shear resistance is affected

by pore-pressure generation in the shear zone. The Nikawa

landslide was triggered in the Osaka formation by the 1995

Hyogoken Nanbu earthquake. It killed 34 people in

Nishinomiya city, Hyogo Prefecture, Japan. Figure 12

presents test results for weathered granitic soils taken from

the Osaka formation (Okada et al. 2000). All soils with

different normal stresses reached the same steady-state

shear resistance (τss) in the undrained ring-shear test. The

steady state without any further stress change is interpreted

as meaning that there is a certain critical normal stress for

each soil below which no grain crushing and volume reduc-

tion will occur. The critical normal stress for steady state for

this soil is σss. Initial stresses varied from 110 to 630 kPa. All

of the effective stress paths in these undrained monotonic

ring-shear tests reached the same failure line and followed

down the failure line due to the pore-pressure generation and

were stopped upon reaching steady state (σss, τss). The depth
of the landslide mass changes in the process of movement

across different ground topography. The total normal stress

acting on the sliding surface changes, but the mobilized

steady state shear resistance is constant. This relationship

was used in the new integrated computer simulation model

(LS-RAPID) simulating the initiation and the motion of

landslides (Sassa et al. 2010).

Shear Resistance Reduction After Failure to the
Steady State
Figure 13 is the result of a cyclic loading ring-shear test on

Tertiary-age sand in which a rapid landslide (the Higashi

Takezawa landslide shown in Fig. 7) is triggered by the 2004

Mid-Niigata earthquake. The shear resistance started to

decrease after a shear displacement (DL) of 5 mm at the

peak shear strength. The landslide initiation process

continues until the point DL. After DL, the shear resistance

continued to decrease until it reached a steady state after

some hundred millimetres of displacement. This relationship

of reduction in shear resistance is approximated by a straight

line (the purple line in the figure). In this case, the initiation

of steady state appears to be at DU (240 mm).

Fig. 11 Concept of landslide simulation model (Sassa et al. 2010)

Fig. 12 Steady-state shear resistance under different normal stresses

(BD ¼ 0.95–0.96) from Okada et al. (2000)

Fig. 13 Shear-resistance reduction after failure to steady state

(BD ¼ 0.98)
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Modelling of both process of landslide initiation and

motion was difficult in a single model. Therefore, the

slope-stability analysis dealt with the initiation of

landsliding until failure, while landslide runout analysis

dealt the landslide motion. There was no method able to

model both the initiation and motion in a single integrated

model. The undrained ring-shear test enables modeling of

both the initiation and the motion in the following approxi-

mation (Sassa et al. 2007).

Stage 1 (before failure)

for D < DL : tanϕa ¼ tanϕp, c ¼ cp, γu ¼ γu ð4Þ

Stage 2 (steady state)

for D > DL : tanϕa ¼ tanϕa ssð Þ, c ¼ 0, γu ¼ 0 ð5Þ

Stage 3 (transient state)

for DL � D � DU :

tanϕa ¼ tanϕp �
logD� logDL

logDU � logDL
tanϕp � tanϕa ssð Þ

� �

c ¼ cp 1� logD� logDL

logDU � logDL

� �

γu ¼ γu
logDU � logD

logDU � logDL
ð6Þ

Effect of Saturation on Steady-State Shear
Resistance
Pore water pressure generation is affected by the degree of

saturation. The relationship between pore-water pressure

parameter B ¼ Δu/Δσ3 and the degree of saturation (Sr)

can be measured in triaxial tests. Figure 14a is the relation-

ship between the B-value and the degree of saturation and

was obtained by isotropic triaxial compression tests on the

torrent deposits in the 1984 Ontake debris avalanche at

different degree of saturation (Sassa 1988). The sliding

surfaces in the landslide and the ring-shear test are both

direct shear state. However, the B value in the triaxial

compression state and BD (¼Δu/Δσ) in the direct shear

state are the same in isotropic soils. This relationship is a

reference for the effect of saturation on the steady-state shear

resistance. The steady-state shear resistance is changed by

the degree of saturation of the soil. We measure the fully

saturated steady-state shear resistance from the undrained,

fully saturated ring-shear test (namely the point of “full
saturation” in Fig. 14b).

If field conditions are dry, the steady-state shear resis-

tance of the mobilized dry soil layer will be the point “Dry”
just above the acting total normal stress shown in Fig. 14b.

We use a parameter of pore-pressure generation rate Bss

which is very similar to pore-pressure parameter B, although

B is defined in the undrained isotropic compression triaxial

test while Bss is defined in the undrained ring-shear test. In

Fig. 14b, we denote the steady-state shear resistance at full

saturation as τss (Bss ¼ 1.0) and the dry steady state as τss
(Bss ¼ 0.0). If the proportion of pore-pressure generation is

60 % of the full saturation, the steady state is denoted as τss
(Bss ¼ 0.6). As found in this figure, the apparent friction

angle ϕa (dr) ¼ ϕm in the dry state. ϕa (fs) at full saturation

is the lowest, ϕa (ps) at partial saturation has an intermediate

value.

Application of LS-RAPID Simulation to a Simple
Slope Condition and the 2006 Leyte Landslide

Application of LS-RAPID to a Simple Slope
The performance of the initiation process of LS-RAPID was

examined by applying it to a simple imaginary slope and

comparing the results with safety factors obtained from

some conventional limit equilibrium slope stability analyses:

(1) Fellenius, (2) Bishop simplified, (3) Janbu simplified, (4)

Spenser, and (5) Morgenstern–Price methods. The imagi-

nary slope which is composed of three slope parts: flat

Fig. 14 Effect of saturation on

the steady-state -shear resistance.

(a) Effect of degree of saturation

on the pore-pressure parameter

B-value (ratio of generated pore

pressure for confining pressure

increment by undrained triaxial

test. Sassa 1988); (b) Conceptual

figure of steady-state shear

resistance at different soil

saturation levels
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ground at the top, a steep slope in the middle and a gentle

slope at the bottom. The area of simulation is 350 m wide

and 440 m long, the size of mesh is 10 m, the maximum

vertical landslide depth is 40.53 m, the total landslide vol-

ume is 231,300 m3. The imaginary landslide body was

created in the form of an ellipsoid.

The initiation process due to pore pressure increase was

examined by inputting three pore-pressure ratios; ru ¼ 0.4,

0.5, 0.6. The characteristic of LS-RAPID is the expression of

strength reduction during deformation and progressive fail-

ure, while the limit-equilibrium slope-stability analyses

assume that the whole landslide sliding surface fails at once.

A relatively strong slope was considered which could be

failed by a high pore-pressure ratio supplied from the bed

rock. The values of tanϕp ¼ 0.8, cp ¼ 50 kPa, τss ¼ 50 kPa,

k ¼ 0.5, Bss ¼ 0.99, tanϕm ¼ 0.60 were given to the entire

simulation area. As the parameters of the shear-resistance

reduction, the shear displacement at the start of reduction DL

was given as 10 mm, and the shear displacement when

steady-state shear resistance DU was reached was given as

1,000 mm. Local failure and shear-strength reduction starts

first at a mesh (site) where the shear displacement first

reaches DL ¼ 10 mm, then it may develop to a progressive

failure.

In order to compare this simulation result to the safety

factors by the limit-equilibrium slope stability analysis such

as Fellenius, Bishop, Janbu, Spencer, Morgenstern–Price,

enough large shear displacement minimizing the effect of

progressive failure was chosen to be 2 m instead of 10 mm

for DL, and 5 m for DU, respectively. The large shear

displacement DL is effective to restrain the effect of shear-

resistance reduction and the progressive failure in the initia-

tion process. The simulation results are shown in the form of

3D perspective views in Fig. 15. The contour line is 2.0 m

pitch. The red color line shows the area of the moving

landslide mass. The red color appears when/where the veloc-

ity at a mesh exceeds 0.5 m/s.

DL ¼ 10 mm, DL ¼ 1,000 mm

In the case of r u ¼ 0.4 in Fig. 15a, only two small areas at

the top of the slope showed slight movement and two red

colored circles were observed, but no further progressive

failure appeared.

For r u ¼ 0.5 and 0.6, rapid landslide motion appeared as

shown in Fig. 15c, e.

DL ¼ 2,000 mm, DU ¼ 5,000 mm

No motion appeared for r u ¼ 0.4, limited deformation

appeared for an instant in the case of r u ¼ 0.5 as shown

Fig. 15b, d. A rapid landslide occurred for r u ¼ 0.6

(Fig. 15f). The border of landslide initiation is between

r u ¼ 0.4 and 0.5 for smaller DL–DU, and it is between

0.5 and 0.6 for larger DL–DU.

Time

Simulation stops when a zero velocity appears for all

meshes. Time in the figure shows the time from the start to

the end of motion. Ten seconds for A, B, D is a pre-

determined minimum calculation time, because the initial

velocity is zero, and some calculation is necessary to know if

movement will start or not.

Safety Factors

For the central section of this landslide mass 2D slope

stability analyses were implemented using the stability anal-

ysis software “Slide V5” by Rocscience Inc. The same peak

shear strength parameters and the same pore pressure ratio

(tanϕp ¼ 0.8, cp ¼ 50 kPa, ru ¼ 0.4, 0.5, 0.6) were used in

Fig. 15 Landslide initiation in

LS-RAPID and Slope Stability

Analysis (Sassa et al. 2010).

Values of parameters:

tan ϕp ¼ 0.8, Cp ¼ 50 kPa,

τss ¼ 50 kPa, k ¼ 0.5,

Bss ¼ 0.99, tan ϕm ¼ 0.60,

α ¼ 0. Each mesh size ¼ 10 m,

each contour interval ¼ 2 m,

simulated area ¼ 350 � 440 m.

*1 Fellenius, *2 Bishop

simplified, *3 Janbu simplified,

*4 Spenser, *5 Morgenstern-Price
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all stability analysis methods. The calculated safety factors

for 1: Fellenius, 2: Bishop simplified, 3: Janbu simplified, 4:

Spenser, 5: Morgenstern–Price are shown in the right col-

umn of Fig. 15. The onset of landslide motion, namely the

unit safety factor (FS ¼ 1.0) appears when the value of ru is

between 0.5 and 0.6 for four models. For the Fellenius

method, the factor of safety becomes unity (FS ¼ 1.0)

when the value of ru is between 0.6 and 0.7. Therefore, the

border of stability is same with the border by LS-RAPID in

the case of long shear displacement (2 m) until the start of

shear-strength reduction except in the Fellenius method. The

difference between LS-RAPID and the limit equilibrium

slope stability analysis comes mainly from LS-RAPID’s
consideration of local shear and progressive failure vs. the

overall shear of the whole landslide body at once. The

differences between the three dimensional analysis (LS-

RAPID) and the two dimensional analysis cannot be exam-

ined in this way.

Application of LS-RAPID to the 2006 Leyte
Landslide
A rapid and long-traveling landslide occurred on 17 Febru-

ary 2006 in the southern part of Leyte Island, Philippines.

The landslide caused 154 confirmed fatalities and 990 peo-

ple missing in the debris. The International Consortium on

Landslides (ICL) and the Philippine Institute of Volcanology

and Seismology (PHIVOLCS) jointly investigated the land-

slide on the ground and from a helicopter. Figure 16 is a

frontal view of the landslide taken by K. Sassa from a

helicopter. A planar surface of hard rock is seen at the left

side of the head scarp. Other parts of the slope seem to be

weathered volcaniclastic rocks or debris. The landslide mass

moved from the slope and deposited on the flat area. Many

flow-mounds or hummocky structures were found. The

features of this landslide were reported by Catane et al.

(2007).

The longitudinal section of the central line of the land-

slide (Fig. 16a) was surveyed by a non-mirror total station

and a ground-based laser scanner in the field and compared

with a SRTM (Shuttle Radar Topography Mission) map

before the landslide which was implemented by H. Fukuoka,

a member of the team and colleagues from Philippines. The

red-color part shows the initial landslide mass while the

blue-color part presents the displaced landslide debris after

deposition. The length of landslide from the head scar to the

toe of the deposition was around 4 km. The inclination

connecting the top of the initial landslide and the toe of the

displaced landslide deposit is approximately 10�, which

indicates the average apparent friction angle mobilized dur-

ing the whole travel distance. The value is much smaller than

the usual friction angle of debris (sandy gravel) of 30–40�.
Therefore, it suggests that high excess pore-water pressure

was generated during motion. Figure 16b shows a flow

mound that travelled from the initial slope to this flat area

without much disturbance. Movement without much distur-

bance is possible when the shear resistance on the sliding

surface became very low; thus, movement of the material is

like that of a sled.

The material of the flow mound is volcaniclastic debris,

including sand and gravel. We observed the material in the

source area from the surface and by hand-scoop excavation

in the valley-side slope after the landslide. It consisted of

volcaniclastic debris or strongly weathered volcaniclastic

rocks. It is regarded to be the same material (either disturbed

or intact) as observed in the flow mound shown in Fig. 16b.

Therefore, we took a sample of about 100 kg from the base

of the flow mound shown in the point “S” in the section of

Fig. 16a and the photo of Fig. 16b. The location is in the

center of travel course and just below the source area. Then,

we transported the material to Kyoto, Japan.

A dynamic-loading ring-shear test was conducted as

follows. The sample was set in the shear box (250 mm inside

diameter, 350 mm outside diameter) of apparatus DPRI-6,

Fig. 16 Photo and section of the

2006 Leyte landslide. Left: The
front view of the Leyte landslide

on 17 February 2006 and

sampling point S; Right: The
central longitudinal section of

landslide (a) and the sampling

point S at the bottom of flow

mound (b)
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and fully saturated (BD ¼ 0.98). The stress acting on the

sliding surface of the deepest part (around 120–200 m) is

very high. However, because of the capacity of this appara-

tus DPRI-6 (ICL-2 was not yet developed in 2006): the

sliding surface was assumed for the test to be 35 m deep

and at an inclination of 25�. The unit weight of the soil was
assumed to be 20 kN/m3. In the preliminary test to increase

pore-water pressure until failure, the failure line of this

material was obtained. It has a friction angle of s 39.4� and
almost zero cohesion. In the simulation test of a rain- and

earthquake-induced landslide, the normal stress corresponding

to that of 5 m lower than the critical ground-water level (i.e.,

further 5 m rise of ground-water level shall trigger the land-

slide)was first loaded on the sample. Then, the shear stress due

to the self-weight of the soil layer was loaded. It is the stress

point shown by the white circle in Fig. 17a. Using the three

components of seismic record observed at Massin

(PHIVOLCS, Code number: MSLP, Latitude: 10.1340, Lon-

gitude: 124.8590, Elevation: 50.0), normal stress and shear

stress acting on the shear surface of 35 m deep with 25�

inclination on the direction of the Leyte landslide were calcu-

lated so that the peak seismic stress may correspond to the

range of seismic acceleration of 60–200 gal which was

estimated from the seismic record, attenuation by the

hypocentral distance, amplification by the contract between

the base rock and the volcaniclastic debris and the focusing

effect of the mountain ridge (Sassa et al. 2010).

Figure 17a presents the stress path of the test. The effec-

tive stress path showed a complicate stress path like a cloud.

The stress path reached the failure line repeatedly. There-

fore, this small seismic stress failed the soil structure and

grains during the period of stress reaching the failure line. It

generated a pore-water pressure (blue color line) due to grain

crushing and volume reduction, and it was accelerated in

progress of shear displacement (green color line). Namely

sliding-surface liquefaction occurred. The value reached a

very small steady-state stress (red color line). This process is

presented in the time series data around the failure in

Fig. 17b. The mobilized apparent friction coefficient defined

by steady-state shear resistance divided by the total normal

stress was 0.016 (0.9�).

Explanation of Sliding-Surface Liquefaction in This

Test Result

The sliding-surface liquefaction is a key finding in the prog-

ress of landslide dynamics. It was reported in Sassa (1996,

2000), Sassa et al. (1996). The test result of Fig. 17 presents

one of the best examples of “Sliding Surface Liquefaction”.
It is here explained in Fig. 18a, b.

Grains in the shear zone are crushed during shearing

under a normal stress greater than a critical normal stress

at steady state (σss). The soil structure failed and was

subjected to volume reduction. In the fully saturated

undrained state, a high pore pressure was generated by a

minimum reduction of volume. Then, both of the effective

stress and the mobilized shear resistance were reduced. T1 in

b figure is the onset of seismic loading. Immediately pore

pressure started to decrease. It is interpreted that a dilatancy

occurred which is a characteristic of dense materials. T2 in b

figure is the start of post-failure shear displacement. The

pore pressure was progressively increased to close to the

normal stress and then kept constant. The difference

between normal stress and pore-water pressure corresponds

to the normal stress at steady state (σss). T3 in b is the start of
steady-state high-speed motion, namely rapid landslide

motion. The mobilized shear resistance at this stage is the

steady-state shear resistance (τss). A rapid motion was

reproduced in this simulation test.

The most important parameter for landslide motion was

the steady-state shear resistance (τss). The steady-state shear
strength was very low (less than 10 kPa in Fig. 17). The

testing condition was full saturation (BD ¼ 0.98) and the

loading stress corresponded to 35 m deep (much shallower)

and the sample used may be more weathered than that in the

deep landslide body. So we selected τss ¼ 40 kPa as a

practical value for this landslide. Various combinations of

values of factors can be considered. It was not easy, but we

Fig. 17 Test result of the ring shear test of the sample taken from flow

mound (BD ¼ 0.98). (a): Stress path. (b): time series data of stresses,

pore pressure, shear resistance and shear displacement
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assumed the following: The landslide was deep and the

material seemed to be intact in the source area as seen in

Fig. 16. Then, we estimated that the peak friction and peak

cohesion before motion in the source area should be high

(tanϕp ¼ 0.9, cp ¼ 100–300 kPa); the part of the head scarp

shown in Fig. 16 would be not saturated because it was close

to the ridge, probably there was less ground water to gener-

ate excess pore-water pressure. A value of Bss ¼ 0.1–0.2

was assigned in this area; the middle part was probably more

saturated (Bss ¼ 0.4–0.6) and the lower part in the

paddy fields on the flat area was probably well saturated

(Bss ¼ 0.9–0.97); The landslide body was stiff in the top,

and moderate in the middle and much disturbed in the lower

part and on the flat area (lateral pressure ratio k ¼ 0.2–0.7);

The shear displacement of shear strength reduction was

estimated as DL ¼ 100 mm, DU ¼ 1,000 mm referring to

the test of Fig. 17.

In the trial simulation, no landslide occurred when the

pore-pressure ratios were ru ¼ 0.10 and 0.15. However,

the case of ru ¼ 0.16 caused a rapid landslide.

Namely ru ¼ 0.16 (the ground-water depth was equal to

about 30 % of the depth of landslide mass) was the critical

value to trigger a landslide without an earthquake. Then,

various magnitudes of seismic shaking using the wave

forms of EW, NS, and UD recorded at Maasin, Leyte were

given in addition to a pore pressure ratio of 0.15.

The threshold to create a rapid landslide was between

KEW ¼ 0.11 and 0.12. We used KEW ¼ 0.12. Using the

ratio of magnitudes of seismic records of EW, NS and

UD, KNS ¼ KUD ¼ 0.061 were given. The seismic

shaking of three directions of EW, NS and UD were

applied in this simulation. Unstable deposits three meters

thick were assumed in the alluvial deposit area.

Blue dots shown in Fig. 19a are the unstable soil deposits

(initial landslide body) in the source area and also the unsta-

ble deposits in the alluvial flat area. A series of simulated

positions of the landslide are presented in Fig. 19. Each step

of a–e is explained as follows.

a: ru rises to 0.15 and earthquake starts but no motion.

b: Continuedearthquake loading (MaxKEW ¼ 0.12,KNS ¼
KUD ¼ 0.061) triggers a small local failure as presented in red

color mesh,

c: An entire landslide block is formed and moving,

d: The top of the landslide mass goes on to the alluvial

deposits,

e: Deposition at the end of landslide motion.

The travel distance and the major part of the landslide

distribution were well reproduced (Sassa et al. 2007).

Fig. 18 The explanation of the

sliding surface liquefaction using

the test of Fig. 17. (a) Illustration

of the sliding-surface

liquefaction, (b) Monitored pore

pressure generation and

mobilized shear resistance during

the sliding surface-liquefaction in

the undrained seismic-loading

ring shear test on the sample

taken from the 2006 Leyte

landslide (Sassa et al. 2010)
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Latest Progress of Landslide Dynamics

Study of Dynamics of Submarine Megaslides

Figure 20 presents the onland and submarine topography in

Suruga Bay, Japan, where the Philippine Sea Plate subducts

under SW Japan. A distinctive depression known as

Senoumi (Sea of stone flower). Senoumi forms a step on

the western side of the Suruga Bay with a gully. The section

A-A0passing through this gully is shown in the lower figure

of Fig. 20. The slopes in the steep parts of the head scarp and

toe in the section A-A0 are 8–12�. The shape of the Senoumi

feature differs from those of most landslides as the exit to the

Suruga Trough is very narrow relative to the width of the

Senoumi depression. If Senoumi had formed by a blockslide,

the mass could not move out through this narrow exit.

However, it is possible to form such a shape if the landslide

mass almost liquefies after failure and moves/flows down-

slope with very low shear resistance while the landslide

enlarges retrogressively. The landslide is very large com-

pared to terrestrial landslides. However, the sizes of subma-

rine landslides are known to range very widely (Locat and

Lee 2008, and others). Due to downward erosion rivers are

well developed on land, and therefore, the width of a single

slope between rivers can not be so wide. However, the

development of rivers is minimal beneath the sea. So a unit

of slope can be very wide. It is one of the main reasons for

the large size of submarine landslides. A detailed explana-

tion on Senoumi is reported in Sassa et al. (2012). We

introduce the application of the undrained dynamic-loading

ring-shear apparatus to Senoumi, to define a mechanism for

a possible submarine landslide.

The application of the undrained dynamic-loading ring-

shear apparatus to study the mechanism of submarine

landslides attracted the Integrated Ocean Drilling Program

(IODP) researchers. Sassa and colleagues applied to use a

submarine sample recovered from the inferred base of a

large paleo-landslide in the Nankai Trough cored at Site

C0018 during Integrated Ocean Drilling (IODP) Expedition

333 in December 2010 (Strasser et al. 2012). The recovered

section (0–315 m below sea bottom) records �1 Ma of

submarine landsliding history in this active tectonic setting.

Six mass-transport deposits (MTDs) with thickness up to

60 m were identified in the drill cores. Fig. 21 summarizes

location of MTDs, dominant lithology in the stratigraphic

Fig. 19 Simulation result of the Leyte landslide. Pore pressure ratio

due to ground water: ru ¼ 0.15,; Seismic coefficient by the earthquake:

KEW ¼ 0.12, KNS ¼ KUD ¼ 0.061; Mesh sise is 40 m. Area is

1,960 � 3,760 m. Contour line is each 20 m. Three meter unstable

deposits was assumed in the whole alluvial area. (a) Simulation result

after 11 sec from loading the triggering factors. The upper-left figure

shows pore pressure ratio, and the lower-left figure presents seismic

loading. The right figure shows distribution of unstable soil mass

without motion, (b) Simulation result after 27 sec, starting a local

failure, (c–e) Simulation results showing the motion of landslide from

the source area to the deposit
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column and structural geological observations (Strasser et al.

2012). A volcanic-ash layer inferred to be the base of the

MTD 6 was used as the test sample in this study. A section

photo of this part and also a microscope image are included

in Fig. 21. This ash layer correlates to the “Pink” volcanic

ash sourced from the Kyushu island, Japan and is dated to

0.99–1.05 Ma (Hayashida et al. 1996). Comparable

volcanic-ash layers as cored at IODP C0018 drill site are

likely to have been deposited also in Suruga Bay, where no

deep-drill hole is available as yet. We therefore tested a

sample taken from this fine-grained volcanic ash layer at

the base of the landslides (MTD) drilled at IODP Site C0018

as an analog material for potential Suruga Bay sliding

surfaces using Ring-shear apparatus ICL-1.

The effective unit weight of soils in the sea water is

expressed by the difference between the unit weight of

saturated soil and the unit weight of sea water. The total

unit weight of soils in the submarine layer was assumed to be

18.6 kN/m3 from C0018 drilling data (Expedition 333

Scientists 2012). The unit weight of sea water was

10.1 kN/m3 from the average sea water density (1,026 kg/

m3). The normal stress of 1,000 kPa (the maximum capacity

of ICL-1) corresponds to a burial depth of 117 m. The

thickness of the largest landslide deposit from Site C0018

(MTD 6) is 60 m, but the sample depth is 189 m below sea

bottom (Fig. 21). A depth of landslide in Senoumi Bay was

estimated to be 200–600 m from current sea bottom. We

selected 1,000 kPa for the loaded normal stress since it is the

upper limit of ICL-1. The angle of the slope is given by tan�1

(initial stress/initial normal stress due to gravity). The angle

of the steeper slopes in section A-A0 of Fig. 20 is 8–12�.
Thus, 160 kPa was assumed as the initial shear stress, which

corresponds to a slope of tan�1 (160/1,000) ¼ 9.09�.
The procedure of the test was as follows: (1) a necessary

amount of sample was saturated with de-aired water and left

in a vacuum cell for one night to remove air bubbles; (2) the

sample box was filled with de-aired water; (3) the fully

saturated sample was placed in the de-aired water in the

shear box; (4) de-aired water was circulated for a while;

(5) the BD value (Δu/Δσ) was measured and confirmed to

be greater than 0.95; (6) the normal stress was increased to

1,000 kPa and the shear stress was increased to 160 kPa, both

under drained conditions to create the initial stress state of

the soil under gravitational loading; (7) a dynamic shear

stress was applied using the predetermined program (either

cyclic stress or seismic stress using the 2011 Tohoku Earth-

quake wave form).

The Tohoku earthquake is an example of the wave form

of a megaquake which has two main shocks, and a long

duration of shaking. We examined whether this Tohoku

earthquake waveform could produce a rapid landslide

motion in a gently dipping sea floor where a shear surface

is formed either in volcanic ash or in Neogene silty sand.

Various factors of testing conditions such as earthquake

wave, loading stress, loading time were examined prior to

beginning the undrained ring-shear test.

Examination of Testing Conditions
On 11 March 2011, a great earthquake occurred offshore of

the Tohoku Region of Japan. Seismic acceleration from

some hundreds to a few thousands gal were recorded at

Fig. 20 A possible megaslide in the Suruga Bay in Japan
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Fig. 21 Sampling of soils of submarine landslides and drilled core
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monitoring stations in the Tohoku Region. The largest

measured earthquake acceleration (2,933 gal as the resultant

acceleration of EW, NS, and UD components and 2,699 gal

as a single component) was recorded at station MYG004 at

Tsukidate in Miyagi Prefecture, 176 km west of the epicen-

ter. Since mega earthquakes similar to the 2011 Tohoku

earthquake have occurred in the past, and likely will occur

in the future, the Cabinet Office of the Government of Japan

is examining the risk of such a mega earthquake in the

Suruga trough (Cabinet Office 2011, 2012). The seismic

record of the NS component of MYG004 was used for the

ring-shear test as an example of mega-earthquake loading.

Examination of Loading Shear Stress
We examined the testing plan of seismic loading ring shear

test based on the results of a cyclic loading test (Sassa et al.

2012). Initial normal stress and shear stress was decided to

be the same as used in the cyclic loading test, namely 1,000

and 160 kPa, which corresponds to the normal stress and

shear stress due to gravity on a slope of 9.09�. According to

the cyclic loading test, an additional 400 kPa of shear stress

may fail the sample. So we used 0.3 times the MYG004 NS

acceleration record as the maximum acceleration (810 gal)

in this ring-shear test. The same value was recorded in

FKS009 in Ono of Fukushima Prefecture (217 km from the

epicenter).

Examination of Loading Duration
The cyclic loading tests of 0.1 Hz were successful for this

sample in ICL-1. The servo-shear stress control motor

(400 W) cannot reproduce the high-frequency loading

using the recorded data of the 2011 Tohoku earthquake.

Preliminary tests were conducted to investigate the time

required to reproduce the seismic wave form of MYG004

by increasing the shaking time by factors of 10, 20, and 30.

We found that a 30-fold increase in time scale could repro-

duce shear stress changes similar to the recorded wave form.

The ring-shear test is conducted under undrained conditions,

and so pore pressure is unaffected by time because no pore-

pressure dissipation occurs. The same stress path can be

obtained in a 30-times longer test as would be obtained in

a real-time test. The comparison of the monotonic

(corresponding to 0.0 Hz) undrained shear stress loading

test and 0.2, 0.4, and 1.0 Hz cyclic undrained shear stress

loading test presented almost the same relationship between

stress and shear displacement and also almost the same stress

path between the curve of monotonic loading test and the

curve connecting peak values of the cyclic loading test

(Trandafir and Sassa 2005). Then, the test was conducted

in the 30-times longer time period.

Figure 22 presents the ring-shear simulation test for the

behavior of a submarine slope including a volcanic ash layer

subjected to the 0.3 times the largest acceleration history of

the Tohoku earthquake.

When the first shock of the seismic loading started, a high

pore pressure was soon generated. The mobilized shear

stress is smaller than the control signal (loaded shear stress).

It means the failure occurred. However, the shear

Fig. 22 Test result of seismic loading test on drilled core using the

2011 Tohoku earthquake wave form. The upper figure is the time-series

data during the seismic loading test. The lower figure is the enlarged

part of the failure and the start of rapid landslide motion. Black line is
normal stress, red line is the monitored shear resistance during loading,

blue line is the monitored generated pore pressure during loading, green
line is control signal for shear stress which is the wave form of the 2011

Tohoku earthquake, but 0.3 times lower acceleration
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displacement was closely below DU (initiation of steady

state), then, a rapid motion did not occur. When the second

shock arrived, the sample failed before the peak of the

second shock and shear strength reduction and rapid land-

slide motion started, probably the shear displacement

exceeded DU. In the lower figure, a negative shear stress

failed the soil at the point A, and a large shear displacement

started from the point B. When the peak acceleration D

arrived, very rapid shear displacement occurred from C to

F under a reduced shear resistance of E and later steady state

shear resistance. Here, negative shear displacement means

the landslide mass above the sliding surface moved upslope

(namely the bed rock below the sliding surface moved

downward). This can occur in seismic loading. This ring-

shear test simulated experimentally the submarine slope

including the volcanic ash layer and showed that it could

fail even on a very gentle slope if a very large earthquake

were to strike the area.

Fig. 23 Simulation result

(LA-RAPID) of the Suruga Bay

landslide
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In order to examine the hypothesis that the Senoumi

depression was formed by a submarine megaslide, we

applied the new integrated computer simulation model

(LS-RAPID) to this case. We input all of the soil properties

including key parameters of steady-state shear strength, the

critical shear displacements of DU and DL, friction angles

at the peak and during motion and others (Sassa et al.

2012). We input all of three components of the MYG004

2011 Tohoku Earthquake acceleration wave form as an

example of a very strong earthquake in Japan. The record

at MYG004 was the greatest in this earthquake. Recorded

accelerations differ between recording stations even at

almost the same distance from an epicenter such as

2,933 gal for 176 km at MYG004, 810 gal for 217 km at

FKS009. We input the wave form of MYG004, but

amplitudes of acceleration multiplied by 1.0, 0.7, 0.4, and

0.3 times, and the excess pore pressure ratio ru ¼ 0.3 in the

central and deep area along the A-A0 line of the Senoumi

depression (Fig. 20) as another triggering factor into the

computer simulation LS-RAPID.

The simulation results for IODP volcanic ash using 0.3

times, 0.7 times and 1.0 times MYG004 seismic record is

shown in Fig. 23. Blue balls represent soil columns stable or

less than 0.5 m/s moving velocity. Red balls show columns

with values greater than 0.5 m/s velocity.

In Fig. 23, Time = 35 s presents the situation soon after

the first shock. A very small local failure was caused in the

bottom of the figure by the first shock of 0.3 � THEQ (2011

Tohoku Earthquake acceleration). The deep central part

subjected to ru ¼ 0.3 failed by 1.0 � THEQ. 0.7 � THEQ

case is in between.

Time = 85 s presents the situation after the second shock.

The whole Senoumi area was failed by 1.0 � THEQ. But

local failures around the central depression zone only

occurred in 0.3 � THEQ.

Time = 205 s presents the further movement of the

initiated landslide mass into the Suruga trough.

The final figure (STOP) presents the deposition after the

movement of all meshes was terminated.

This result presents that the whole Senoumi area could be

formed by a single strong earthquake. An alternative inter-

pretation is that a strong earthquake moved a central part of

the Senoumi depression eastwards. Then, a series of

subsequent backward development of landslides together

with shallow landslides and submarine erosion could create

the current whole Senoumi depression.

The ring-shear-simulation tests reproduced the situation

of the central part along A-A0 line by 0.3 � THEQ. This part

failed in 0.3 � THEQ also in this simulation. Both results

agree. The ring-shear test and the computer simulation result

gave a reasonable interpretation of the formation of the

central part of the Senoumi depression feature.

Application of ICL-2 and LS-RAPID to the 1792
Unzen Mayuyama Landslides

The 1792 Unzen Mayuyama megaslide is the largest land-

slide disaster and also the largest historical volcanic disaster

in Japan. This landslide killed a total of 15,153 people,

10,139 people in the Shimabara area, many other people

were killed on the opposite banks by the landslide-induced

Tsunami wave; 4,653 people in the Kumamoto Prefecture,

343 people in Amakusa Island and 18 people in other areas

(Usami 1996). Figure 24 presents a 3D view of the Unzen

Mayuyama landslide area before and after the event. It is

taken from the cover of Japanese leaflet published by the

Unzen Restoration Office of the Ministry of Land, Infra-

structure and Transport of Japan (2003) based on a topo-

graphic survey and analysis of available sources. The ground

surface before the landslide was estimated from paintings of

Unzen-Mayuyama from the top of Shimabara castle and

others by the Unzen Restoration Office of Japan (2002)

referring to Inoue K (1999, 2000). The bed-rock surface in

the source area in the upper slope was drawn from the

current topography and the location of the bed-rock surface

of the lower area was estimated from drilled bore holes.

Figure 25 presents the current images of the Unzen

Mayuyama landslide (from Google Earth) and the location

of sampling points S1 for the landslide source area. S2

location was selected outside of the landslide moving area

to eliminate the effect of the displaced landslide mass. S2

Fig. 24 The 1972 Mayuyama landslide before and after the event

(Estimated by the Unzsen Restoration Office 2003)
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sample was tested to represent the soils in the deposition area

before the event.

We conducted many tests on sample S1.We introduce one

of the basic tests (Fig. 26) which was to trigger the landslide

only by increasing pore-water pressure. Firstly the sample

was saturated (BD value was 0.98). Then, it was consolidated

to 3.0 MPa normal stress and 1.5 MPa shear stress in the

drained condition. This initial stress corresponds to a slope of

arctan (1.5/3.0) ¼ 26.5� which was the initial average slope.
Then, pore-water pressure was gradually increased at a rate

of Δu ¼ 1 kPa/s. Failure occurred at pore-water pressure of

1.2 MPa, that is, a pore-water pressure ratio ru ¼ 1.2/

3.0 ¼ 0.4. The friction angle at failure was 39.4�.
Figure 26 presents the results of this pore-pressure control

test on Sample 1. The value of pore pressure is automatically

controlled by the servo-control system using the feedback

signal from pore pressure sensor shown in Fig. 6d. The stress

path moved to left direction as pore pressure increased until

it reached the failure line. Then, the line dropped until the

steady-state shear resistance was reached (τss ¼ 113 kPa).

The real effective stress acting on the sliding surface should

be on the failure line after failure. So the pore pressure acting

on the sliding surface and the pore pressure monitored by the

pore-pressure sensor are different in the pore pressure con-

trol test. The time-series data of this test are shown in

Fig. 26b. Pore pressure is steadily increased at a

predetermined rate (Δu ¼ 1 kPa/s). At 1,220 s after the

start of the test, shear displacement initiated, and simulta-

neously the shear resistance dropped and the pore pressure

increased slightly. But the pore-pressure value was returned

to the predetermined rate by the servo-control system. The

tentative pore-pressure rise at the time of failure (Fig. 26b, c)

suggested a volume reduction due to grain crushing. There-

after, the shear resistance was maintained at a certain value

shown in Fig. 26c. Pore pressure generated in the shear zone

due to gain crushing in the shear zone should have

dissipated. However, the shear resistance exponentially

decreased to the steady state from 1,320 to 113 kPa. During

this period, the shear displacement increased from 1.5 to

4.5 m. A pore-pressure controlled test is basically a drained

test because pore water can move in or out of the shear box,

as volume reduction due to grain crushing proceeds. A finite

width of a less permeable silty layer formed by grain

crushing can cause a difference between the pore-pressure

value monitored by the pore-water pressure sensor and the

pore pressure amongst the fine particles of the shear zone.

That is, a high excess pore pressure builds up within the less

permeable shear zone, while pore-water pressure outside

maintains the value controlled by the pore-pressure servo-

control system through the permeable sand sample beyond

the shear zone. For comparison, the undrained monotonic

shear-control test and the pore-pressure control test were

conducted under the same normal stress (3 Mpa). Photos of

shear zones in both tests are shown in Fig. 27.

This test result shows that this landslide mass could move

rapidly even if it were triggered by a slow rate of pore-water

rise during rain.

Another implemented test was a seismic loading ring-

shear test to simulate initiation of the Mayuyama landslide

by the combined effect of pore-water pressure and earth-

quake shaking. The Unzen Mayuyama landslide was trig-

gered by a nearby earthquake; its magnitude has been

estimated to be M ¼ 6.4 	 0.2 (Usami 1996). Usami notes

that the seismic intensity of this earthquake at Shimabara

was around “V-VI?” The Unzen Restoration Office

estimated that the seismic intensity which triggered the

Mayuyama landslide was VII because more than 30 %

houses were destroyed in the Shimabara area. The exact

seismic acceleration is not known, but it may have been

around 400 cm/s2 or greater.

The Japanese seismic intensities (Usami 1996) are:

V: 80–250 cm/s2 (where walls and fences are cracked and

Japanese gravestones fall down)

VI: 250–400 cm/s2 (where less than 30 % of Japanese

wooden houses are destroyed)

VII: More than 400 cm/s2 (where more than 30 % houses

are destroyed, landslides are triggered and faults rupture

the ground surface).

This earthquake was not recorded on a seismograph. We

investigated recent landslide cases in Japan to find a similar

Fig. 25 The present 1972

Mayuyama landslide and the

sampling point
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earthquake record that could be used in landslide simulation.

The 2008 Iwate-Miyagi Nairiku Earthquake (M ¼ 7.2) trig-

gered the Aratozawa landslide (67 million cubic meters) in

Miyagi Prefecture. The maximum recorded acceleration was

739.9 cm/s2 at MYG004 (National Research Institute for

Earth Science and Disaster, Prevention (NIED)). It would

be similar to the earthquake which triggered the 1792 Unzen

Mayuyama landslide and both earthquakes triggered

megaslides. We used the Iwate-Miyagi earthquake wave

form recorded in Miyagi Prefecture (MYG004) in the ring-

shear test and the numerical simulation.

The adopted procedure of the ring shear test for this

landslide was as follows.

Initially, the sample (S1) was saturated (BD ¼ 0.94) and

consolidated to 3 MPa normal stress and 1.5 MPa shear

stress. That is, the corresponding slope angle was arctan

(1.5/3.0) ¼ 26.6�. Then, pore-water pressure was increased

up to 800 kPa (pore-water pressure ratio ru ¼ 800/

3,000 ¼ 0.27) as the initial slope condition (although the

exact value was not known, but it must be smaller than 0.4).

A preparatory test in Fig. 26 showed that ru ¼ 1.2/3.0 ¼ 0.4

was the critical pore water pressure which caused a landslide

without an earthquake. As stated above, the earthquake

which triggered the 1792 Unzen-Mayuyama landslide was

estimated to be M ¼ 6.4 	 0.2 with a Japanese Seismic

intensity between VI (25–400 cm/s2) and VII (more than

400 cm/s2) during the earthquake. The maximum shaking

was probably more than 400 cm/s2.

The maximum recorded seismic acceleration record of

the 2008 Iwate-Miyagi earthquake was 739.9 cm/s2 which

caused the Aratozawa landslide. We loaded the NS compo-

nent 2008 Iwate-Miyagi earthquake record (maximum

acceleration 739.9 cm/s2) at MYG004 as the additional

shear stress. For precise pore-pressure monitoring as well

as servo-stress control, a five-times slower speed of seismic

acceleration record was applied. The test result is shown in

Fig. 28a, b. Figure 28a presents the stress path and Fig. 28b

presents the time series data. The green line in the time-

series data is the control signal. The maximum value is

2,469 kPa (1,500 + 969 kPa) and the minimum value is

369 kPa (1,500–1,131). The loaded acceleration is calcu-

lated from the ratio of acceleration (a) and gravity (g): a/

g ¼ 969/1,500 for positive acceleration or a/g ¼ -1,131/

1,500 for negative acceleration. The acceleration

corresponds to (969/1,500) � 980 ¼ +633 cm/s2 and

(�1,131/1,500) � 980 ¼ �739 cm/s2. The control signal

for shear stress given to the ring shear apparatus exactly

corresponded to the monitored acceleration record.

As the figure shows, failure occurred around 1,825 kPa, at

a/g ¼ (1,825–1,500)/1,500 ¼ 0.22, the necessary accelera-

tion at failure was 216 cm/s2. This test result suggested that

around 1/3 smaller earthquake shaking (around 216/

633 ¼ 0.34) than the Iwate-Miyagi earthquake could cause

failure or the landslide could be triggered under a slope

Fig. 26 Ring shear test result simulating the failure due to pore-

pressure increase (BD:0.98) (a) Stress path, (b) Time-series data of

monitored stresses, (c) Time-series data around the failure
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condition with a pore pressure ratio of 0.27. The steady-state

shear strength was 157 kPa. The friction angle was 41.0�,
slightly higher than that of the pore-pressure control test in

Fig. 26 (39.4�).
LS-RAPID was applied to the 1792 Unzen Mayuyama

landslide. The simulation used the geotechnical parameters

obtained it the ring-shear test on S1 and S2 and the earth-

quake record of the 2008 Iwate-Miyagi earthquake at

MYG004. The parameters used were the following:

1. Steady-state shear resistance: 120 kPa in the landslide

source area (deep soil layer), while 40–80 kPa in the

landslide moving area (shallower soil layer) from the

test results of normal stresses of 370 kPa, 1,020 kPa,

1,980 kPa (Sassa et al. 2014).

2. Friction angle during motion: 40�.
3. Peak friction angle: 42.0�. The maximum angle was 41.2�

in this series of tests. However, the angle under field

conditions can be greater.

4. Critical shear displacement for start of strength reduction

(DL) and the start of steady state (DU) were 6 mm and

90 mm from cyclic, monotonic and dynamic tests (Sassa

et al. 2014).

5. Pore-pressure generation rate Bss is 0.7–0.9 in the source

area, and 0.99 under the sea (completely saturated). Out-

side of the landslide it was 0.2 as the ground was assumed

to be unsaturated.

6. Lateral pressure ratio k ¼ 0.7-0.9. We assumed 0.9 in the

coastal area and under water. Outside of landslide was 0.4

assuming the ground was not saturated.

7. Unit weight of soils: 19.5 kN/m3.

The unit weight of soils at Unzen was not measured. To

estimate it, we consolidated the sample (S1) in the ring-shear

apparatus in a saturated condition. The consolidation stress,

sample height, dry unit weight and saturated unit weight

were measured (Sassa et al. 2014). The saturated unit weight

can reach 21 kN/m3 at 3 MPa, but the dry unit weight was

19 kN/m3 at 3 MPa. Smaller values can exist in shallower

area. We used one value for the whole area. We assumed this

value to be 19.5 kN/m3.

The simulation results are presented in Fig. 29.

At 11 s, the pore water pressure reached 0.21 and the

earthquake started, but no motion appeared.

At 17 s, the main shock of earthquake attached the area

and the failure occurred within the slope. Failure started

from the middle of slope.

At 26 s, the earthquake has almost terminated. The whole

landslide mass was formed during the earthquake shaking.

At 64 s, the landslide mass continued to move after the

earthquake and entered into the sea.

At 226 s, the landslidemass stopped tomove and deposited.

The deposition area was compared with the figure made

by topographic survey including the submarine state by the

Unzen Restoration office (2002) (bottom-right of Fig. 29).

Both landside hazard areas are very similar. The section of

line A in the right-bottom figure and the EW section (almost

same with line A) of computer simulation were compared.

Both travel distances from the headscarp of the initial land-

slide to the toe of the displaced landslide mass were also

very close (about 6.0–6.5 km).

Fig. 27 Observation of shear

zones in an undrained test and in a

pore pressure control (drained)

test Total normal stress: 3 MPa.

(a) Photo of sample after the

undrained monotonic shear stress

control test. Any clear grain-

crushing shear zone was not

observed (BD: 0.95). (b) Photo of

the sample after the pore-pressure

control test (BD: 0.99). A grain-

crushing silty shear zone was

clearly observed (red arrow)
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Significance and Difficulties in Social
Implementation of the Landslide Dynamics

The World Landslide Forum (WLF) is a platform for

scientists, engineers, practitioners and policy makers who

are involved in landslide disaster risk reduction. It is not only

a scientific and technical symposium. Please allow us to add

the significance in the social implementation of the landslide

dynamics and the difficulties to be solved as the background

of this study.

The subtitle of WLF2 was “Putting Science into Prac-

tice”, the subtitle of WLF3 is “Landslide Risk Mitigation

toward a Safer Geoenvironment”. Putting Science into Prac-
tice toward a Safer Geoenvironment is one of major

objectives of WLF. The social implementation of the land-

slide dynamics is very important for this target. Sassa and his

colleagues have focused on the development of landslide

dynamics for its social implementation for landslide risk

reduction as well as the basic science. The mechanism and

dynamics of sliding-surface formation within a slope and its

post-failure motion are not easy to explain and understand.

Even strain is not defined in the shear zone. The material in

the shear zone changes before the motion and during the

motion in terms of grain-size distribution (components of

sands, silts, clays) and grain shape (angular, round). In

addition, pore-pressure generation in the shear zone

increases the difficulty of application of any universal theo-

retical analysis.

The most simple and practical method used for landslide

risk assessment is to physically simulate the initiation and

the motion of landslide by reproducing all of the stresses

(gravity, pore-water pressure, seismic stress) on a sample

taken from the field under a stress level the same as or

similar to the field rather than a theoretical approach based

on material science.

Among many soil mechanical tests, the ring-shear appa-

ratus is one able to produce a sliding surface within a soil

mass. Most ring-shear apparatus (Bishop et al. 1971;

Bromhead 1979; Sadrekrimi and Olson 2009) can shear

samples at a certain speed. However, natural phenomena

are controlled by the applied stress and stress-control appa-

ratus are necessary to physical simulate natural sliding phe-

nomenon. Then, efforts have been made to reproduce

seismic stress loading by earthquakes, pore-pressure

increase during rainwater infiltration, and dynamic loading

on torrent deposits.

Another important factor necessary for understanding

landslide triggering and landslide dynamics is to measure

pore-water pressure generated in the shear zone and the

shear resistance mobilized on the shear surface during

motion. Ring shear apparatus have a gap between the

lower shear box and the upper shear box (Bishop et al.

1971; Sassa et al. 2004 and others). Undrained conditions

must be kept to measure pore-water pressure in the shear

zone during motion (Maximum 5.4 cm/s (ICL-1) to 300 cm/

s (DPRI-7) at the center of the sample) by preventing any

leakage of water from the moving gap. Pore water pressure is

desirable to be measured within or near the shear zone for

understanding the mobilized shear resistance. Great effort

has gone into solving these two tasks (Table 3 and the servo

gap control system in Fig. 6).

We believe that the current undrained dynamic loading

ring-shear apparatus (landslide ring-shear apparatus) has

been developed from a scientific tool to a practical tool for

landslide risk assessment. However, further effort was

needed to shift it from being a practical tool within Japan

to being an internationally practical tool. Maintenance of the

apparatus must be convenient, practical and inexpensive. A

new programme known as the Science and Technology

Research Partnership for Sustainable Development Program

Fig. 28 Undrained ring shear test result simulating the failure due to

pore pressure plus seismic loading using the 2008 Iwate Miyagi earth-

quake (BD: 0.94). (a) Stress path, (b) Time series data of monitored

stresses, pore pressure and shear displacement as well as control signal
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(SATREPS) of Japan has started since 2009 in cooperation

with the Ministry of Education, Culture, Sports, Science and

Technology (MEXT) and the Ministry of Foreign Affairs

(MOFA) of Japan. The aim of this programme is to promote

the application of Japanese science and technology to sus-

tainable development in developing countries. ICL has

obtained funding for two projects (for Croatia and for

Vietnam). During these projects, ICL has developed two

types of undrained dynamic-loading ring-shear apparatus

(ICL-1 for Croatia and ICL-2 for Vietnam). Those two

apparatus were developed for use abroad by minimizing

maintenance costs. ICL-1 was donated to Croatia in 2012

and it is well used at the University of Rijeka. The landslide

ring-shear simulator is now an international practical tool as

well as a scientific tool for landslide science.

The computer simulation for the initiation and the

motion (LS-RAPID) has been developed from a scientific

research code (initially Sassa 1988) to a user-friendly soft-

ware used abroad (Sassa et al. 2010) and further improve-

ment through a SATREPS project. The English manuals for

Fig. 29 Simulation result and topographic survey in the plan. Red color balls represent moving mass, while blue balls represent stable mass

Plenary: Progress in Landslide Dynamics 65



the undrained ring-shear apparatus (Ostric et al. 2013a, b) and

the computer simulation (LS-RAPID) (Sassa et al. 2013) were

made as part of ICL Landslide Teaching Tools (He et al.

2013, 2014). These manuals are available from http://icl.

iplhq.org/.

Conclusion

1. A reliable and practical technology is needed to reduce

landslide-disaster risk by assessing landslide initiation

and motion including landslide velocity, moving area

and area at landslide risk, and depth of soils.

2. Analyses of initiation and motion of landslide phenom-

ena are complicated because of pore-pressure genera-

tion and changes of grain size, grain shape and water

content of the involved soils in the shear zone due to

grain crushing and mobilization.

3. Sassa and others together with the Disaster Prevention

Research Institute, Kyoto University, and the Interna-

tional Consortium on Landslides have developed a

series of ring-shear apparatus models from DPRI-1 to

DPRI-7, ICL-1 and ICL-2.

4. The later series of apparatus developed after the 1995

Hyogoken Nambu earthquake can reproduce the

sliding-surface formation and post-failure motion by

cyclic loading/seismic loading and pore pressure

increase within the apparatus.

5. The latest apparatus (ICL-1 and ICL-2 developed by

SATREPS projects) increased undrained capacity from

500–630 kPa to 1 MPa (ICL-1) and 3 MPa (ICL-2) by

changing the loading structure.

6. The purpose of SATREPS projects is that scientific

research and technology developed in Japan can be

applied for social implementation in developing

countries, namely “Putting Science into Practice”
7. ICL-1 and ICL-2 were much improved from the previ-

ous DPRI series in manufacturing cost and mainte-

nance in foreign countries. Improvements include the

undrained sealing in the gap between the upper stable

shear box and the lower rotatable shear box.

8. Key parameters in landslide dynamics including the

steady-state shear resistance (τss) and the critical

shear displacement (DL, DU) and triggering factors of

pore-water pressure and seismic records/waves are

input to the integrated computer simulation model

(LS-RAPID) simulating the initiation and the motion

of the landslide. The simulation result can present the

initiation from a local failure to formation of a land-

slide mass through progressive failure; and then pres-

ent the initial motion of the landslide mass,

entrainment of substrate deposits on the lower slopes

and deposition with the cessation of motion.

9. Landslide dynamics is a scientific tool, but it is devel-

oping into a practical tool for landslide-disaster

reduction in developed and developing countries alike

with support from relevant institutions and colleagues.
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on Landslides—IPL
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Abstract

This is a short introduction to the Special Session A1 International Programme on

Landslides—IPL dedicated to the IPL projects and to the World Centres of Excellence

(WCoE) in Landslide Risk Reduction, and their activities in the period between the WLF2

in Rome (2011) and the WLF3 in Beijing (2014) (Sassa et al. Landslides 9(2):285–297,

2012).
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This is a short introduction to the Special Session A1 Inter-
national Programme on Landslides—IPL dedicated to the

IPL projects and to the World Centres of Excellence

(WCoE) in Landslide Risk Reduction, and their activities

in the period between the WLF2 in Rome (2011) and the

WLF3 in Beijing (2014) (Sassa et al. 2012).

The IPL is a programme of the ICL. It is developed in

partnership with ICL supporting organizations aiming at

organizing work in response to the ICL goals. The

programme is managed by the IPL Global Promotion

Committee (IPL-GPC) including ICL and the following

ICL supporting organizations: the United Nations Educa-

tional, Scientific and Cultural Organization (UNESCO), the

World Meteorological Organization (WMO), the Food and

Agriculture Organization of the United Nations (FAO), the

United Nations International Strategy for Disaster Risk

Reduction (UNISDR), the United Nations University

(UNU), the International Council for Science (ICSU), the

World Federation of Engineering Organizations (WFEO)

and the International Union of Geological Sciences (IUGS).

The World Centres of Excellence (WCoE) on Landslide

Risk Reduction are identified every three years on the occa-

sion of the World Landslide Forum with the aim of: (i)

strengthening IPL and IPL-GPC; (ii) creating “A Global

Network of entities contributing to landslide risk reduction”;
(iii) improving the global recognition of “Landslide Risk

Reduction” and its social-economic relevance, and entities

contributing to this field.

The IPL projects and the WCoEs on Landslide Risk

Reduction were an important part of the ICL/IPL activities

in the first decade of the ICL, and these two forms of

international cooperation remain a vital part of the ICL

Strategic Plan 2012-2021 (Sassa 2012) that is oriented

towards creation of a safer geoenvironment.
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The Session A1 titled “International Programme on

Landslides—IPL” was the first session in a row of 3 parallel

sessions at the World Landslide Forum WLF3 (Sassa

2013a):

A. Special Sessions (8 sessions);

B. Sessions for Methods of Landslide Studies (10 sessions);

C. Sessions for Targeted Landslides (9 sessions);

D. Side events (5 sessions).

Altogether, 346 full papers were received by October 31,

2013 for the WLF3 (Sassa 2013b). The editors of the Session

A1 received numerous abstracts about the activities of

WCoEs and IPL projects. For the Session A1, finally, 16

full papers were reviewed, revised by the authors, and finally

accepted for publication in this volume of the WLF3

proceedings. In this short introduction to the WLF3 Session

A1, a short summary of each of the accepted full papers is

presented—the list runs alphabetically according to the

paper’s first author family name.

Abolmasov et al. (2014) report on the on-going IPL-181

project “Study of slow moving landslide Umka near

Belgrade, Serbia” that started in 2012. The landslide Umka

is located on the right banks of the Sava River, active for

several decades (slow moving) and with the volume of 14

million m3. The Project is lead by the University of

Belgrade, Faculty of Mining and Geology and supported

by the Highway Institute Belgrade. The paper describes the

past investigations in the landslide area, and the proposed

activities within the project.

Arambepola and Basnayake (2014) report on the efforts in

landslide risk reduction in Asia, undertaken in recent years by

the Asian Disaster Preparedness Centre (ADCP). Using their

expertise from the terminated IPL-156 project “Best Practices
for Early Warning of Landslides in a Changing Climate

Scenarios”, the ADCP initiated the new IPL-180 project

“Introducing Community-based Early Warning System for

Landslide Hazard Management in Cox’s Bazaar Municipal-

ity, Bangladesh” aiming at developing a city-level landslide

hazard risk-management strategy in Bangladesh so that other

vulnerable cities in Asia will be able to replicate effective

practices for reducing future losses.

Arbanas et al. (2014) report on the activities of the on-

going IPL-184 project “Study of landslides in flysch deposits
of North Istria, Croatia: sliding mechanisms, geotechnical

properties, landslide modelling, and landslide susceptibility”
that started in 2012. The paper describes the background of

the project, introduces the project area covering about

550 km2 with the volume of recent landslides exceeding

0.5 million m3, and the project structure. The first project

activities encompassed supplementation of the existing land-

slide database, field investigations of recent and existing

landslides in North Istria, Croatia, and soil sampling for

laboratory testing. The paper also presents methods used

for landslide susceptibility and landslide hazard assessment.

Baum et al. (2014) report on the activities undertaken by

the USGS Landslide Hazards Program on a web-based land-

slide reporting system that was included into the terminated

IPL-168 project “Engaging U.S. citizens in Landslide Sci-

ence through the website, “Did You See It? Report a

Landslide”.
Dias et al (2014) report on the on-going IPL-155 project

“Determination of Soil Parameters of Subsurface to be used

in Slope Stability Analysis in Two Different Precipitation

Zones of Sri Lanka” that started in 2010. The paper focuses

on the importance of the determination of discrete boundary

shear strength of soils as an important parameter when

assessing slope (landslide) stability and designing mitigation

works. Using the deep-seated Watawala Earthslide (width

65 m, length 530 m, depth 9–28 m) in the Sri Lanka’s zone of
high precipitation totals (average annual rainfall

>5,000 mm) as a case study, the paper reports on the field

and laboratory investigations undertaken on this slide.

Emmer et al. (2014) report on the on-going IPL-179

project “Database of Glacial Lake Outburst Floods

(GLOFs)” that started in 2012. The main goal of this project

is the creation of a widely available online database of

GLOFs that have occurred worldwide since the end of the

“Little Ice Age”. The paper describes the project background
and the current status of the project, presenting research

institutions involved into the project and introducing the

database that is available on-line.

Garnica-Peña et al. (2014) report on the activities of the

World Centre of Excellence WCoE “Landslide monitoring

and community based early warning systems” undertaken by
the National Autonomous University of Mexico (UNAM),

aiming at the implementation of a community-based early

warning system, in which the participation of the local

population will be essential. The paper introduces the

design, instrumentation and monitoring system developed

for an unstable slope situated in one of the most affected

areas of Teziutlán, Puebla, Mexico.

Günther et al. (2014) report on the synoptic pan-European

landslide susceptibility assessment that produced the first

version of the 1 km grid size European Landslide Suscepti-

bility Map (ELSUS 1000 v1), covering the EU and

neighbouring countries. This work was done within the

framework of the on-going IPL-162 project “Tier-based
harmonised approach for landslide susceptibility mapping

over Europe”, and of the Council of Europe’s EUR-OPA

project “Pan-European and nation-wide landslide suscepti-

bility assessment”, coordinated by the European Centre on

Geomorphological Hazards (CERG).

Igwe (2014) reports on the on-going IPL-150 project

“Capacity building and the impact of climate-driven changes

on regional landslide distribution, frequency and scale of

catastrophe”. The focus of the paper is on landslide risk in

South-East Nigeria, where important facilities, such as
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electricity, communication and water projects located on

hilly terrains, are under serious threat due to landsliding

and associated earth movements. The IPL-150 project

investigated the extent of vulnerability and found that

while the slopes are fairly stable in the short-term, sustained

and unchecked excavation could be a major factor in even-

tual collapses in the investigated region with high annual

rainfall and complex stratigraphy that contains some poten-

tially liquefiable lithologic units.

Legorreta Paulı́n et al. (2014) report on the on-going IPL-

170 project “Landslide susceptibility and landslide hazard

zonation in volcanic terrains using Geographic Information

System (GIS): A case study in the Rı́o Chiquito-barranca Del

Muerto watershed; Pico de Orizaba volcano, México”,
aiming at conducting a multi-temporal landslide inventory,

analyzing the distribution of landslides, and characterizing

landforms that are prone to slope instability by using Geo-

graphic Information Systems (GIS). The project is

conducted by the Institute of Geography at the National

Autonomous University of Mexico (UNAM). The paper

introduces the study area and discusses the first results of

the landslide mapping and landslide hazard zonation for

varied landforms in unstable sedimentary and volcanic

terrains.

Mallawarachchi et al. (2014) report on the on-going IPL-

155 project “Determination of soil parameters of subsurface

to be used in slope stability analysis in two different precipi-

tation zones of Sri Lanka”. The paper compares soil modules

of residual soil slope failures in two precipitation zones in

Sri Lanka with different annual rainfalls. This was an exper-

imental study to formulate a relationship between the poten-

tial slope failures quantify shear strength characteristics of

soils which could be easily discussed on scenarios of the first

time occurrence failures and repetitive failures in residual

soil formation.

Mikoš et al. (2014) report on the activities of the World

Centre of Excellence WCoE “Mechanisms of landslides in

over-consolidated clays and flysch” undertaken by the Fac-

ulty of Civil and Geodetic Engineering, University of

Ljubljana (UL FGG). Furthermore, the paper reports on the

on-going IPL-151 project on “Soil matrix suction in active

landslides in flysch—the Slano Blato landslide case” that

aims at comparing continuous measurements of soil matrix

suction in an active landslide (i.e. the Slano blato landslide

in W Slovenia) with the measurements of matrix suction in

highly weathered and progressively disintegrating flysch

rocks the landslide is fed from.

Shaharom et al. (2014) report on the on-going IPL-176

project “Slope Data Acquisition along Highways in Sabah

State for hazard assessment and mapping” that started in

2012. The project was focused on the slope data acquisition

as the first step towards the Malaysian highway slope mainte-

nance program; an important part of which is the prioritization

of slopes to be repaired based on the damage and public safety

involved. The paper discusses the problems involved in the

slope database preparation.

Shan et al. (2014) report on the on-going-IPL-167 project

“Landslides Mechanism and the Subgrade Stability

Controlling Measures in Island Permafrost Area”. The

focus of the paper is the stability of the embankments and

slopes close to the Expressway from Bei’an to Heihe in

Northeast China. Based on the annual average temperature

data from 1954 to 2011, the relationship between the annual

average temperature change and the permafrost distribution

are analyzed. The embankment and slope stability and mass

movement events were studied on the basis of ground tem-

perature data, moisture data, and surface and landslide defor-

mation monitoring data from 2009 to 2012 in the Bei’an to

Heihe Expressway.

Strom and Abdrakhmatov (2014) report on the activities of

the on-going IPL-106-2 project “International Summer

School on Rockslides and Related Phenomena in the

Kokomeren River Valley, Tien Shan, Kyrgyzstan”. The sum-

mer school was successfully carried out since 2006 with more

than 50 students and young landslide researchers from 17

countries. They have been introduced to rockslides and rock

avalanches of different morphological types, some of which

have formed deeply eroded rockslide dams that allow study of

their internal structure, as well as evidence of inundation and

of catastrophic outburst floods, and impressive manifestations

of recent tectonic phenomena in the studied area.

Suhaimi et al. (2014) report on the activities of the

terminated IPL-147 project “Study on Debris Flow

Controlling Factors and Triggering Mechanism in Peninsu-

lar Malaysia”. The paper focused on rainfall intensity and

duration as triggering factor for debris flows in Peninsular

Malaysia. They have studied 4 debris-flow cases, and the

study results show that the relationship between rainfall

patterns (intensity, duration) and the occurrence of debris

flows is similar to that elsewhere in the world.

The corresponding editors of this Session A1 would like

to thank all the reviewers who have reviewed the papers

submitted to this special session. The session was improved

by thoughtful proof-editing of Eileen McSaveney and Mauri

McSaveney; their editorial work is fully appreciated.
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IPL Project 181: Study of Slow Moving Landslide
Umka Near Belgrade, Serbia

Biljana Abolmasov, Svetozar Milenković, Branko Jelisavac, Uroš Ðurić,
and Miloš Marjanović

Abstract

Serbia is well known for numerous landslide phenomena. Landslides are particularly

notable for the valley walls of the rivers Sava and Danube and their respective tributaries.

They have in common the fact that they all originated in complexes of Neogene sediments

made of different lithological elements, and most often clays, sands, and marls with

pronounced zones of weathering up to approx. 20 m deep. Landslides on the right banks

of the Sava and Danube have deep sliding surfaces, formed on the contact of the weathered

zone and unaltered clay and marl sediments. The basic trigger of the processes, apart from

the precipitation, is prolonged erosion of the right banks of the Sava and Danube rivers.

Most of the landslides are active or suspended, where periods between reactivation phases

could be several years long. The IPL-181 Project started in November 2012. The study area

is located on the right bank of Sava River, 25 km southwest of Belgrade, Serbia. The project

focused on review and analysis of previous detailed site investigations and field instrumen-

tation, analysis of aerial photo and orthophoto images, and analysis of monitoring results.

Project beneficiaries will be the local community, and local and regional authorities. Here

we present results of the 1st year of proposed project targets—a review and analysis of

previous field investigations performed by Project participants.

Keywords

Serbia � Slow-moving landslide � IPL Project

Introduction

Republic of Serbia on the Balkan Peninsula in southeast

Europe covers an area of 88,361 km2 and has a population

of 7,181,505 (http://stat.gov.rs) (Fig. 1). Because of its com-

plex geological history, terrain composition, and morpho-

logical and climate characteristics, 15 % of Serbia is affected

by landslides (active, suspended and dormant), (Dragićević

et al. 2011). The majority of landslides in Serbia are formed

in Tertiary and Quaternary sediments. Tertiary sediments in

Serbia are prevalent in the areas of the Pannonia basin and its

northerly rim, and include the remains of isolated lake basins

in the central region south of the Sava and Danube rivers.

Around 18 % of Serbia is mantled by Neogene sediment

complexes where clays, marls, soft limestones, sands and

gravels prevail in a great variety of spatial ratios. In terrains
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composed of the Tertiary complexes, more than 25 % of the

territory is affected by landslides (Abolmasov 2010).

Especially interesting are the areas of outer Belgrade and

the slopes of the right banks of the Sava and Danube, which

are known for their instability. Luković (1951), Vujanić

et al. (1981, 1984), Lokin et al. (1988) and Rokić et al.

(1998), Rokić and Vujanić (2002) have all written about

this phenomenon. The basic cause of this instability is

the complex geological and morphological evolution of the

terrain, further influenced by development of intensive

anthropogenic activity, so that many dormant landslides

have been reactivated, but many new ones have become

active as well. According to the latest landslide inventory

from 2010, which included the inner area of the General Plan

of Belgrade and covers an area of 437 km2 (1/3 of the total

area of the city), over 30 % of the territory is composed of

active and suspended landslides (Lokin et al. 2010).

The initiative to collaborate with the International

Consortium on Landslides was started in September 2009

when Prof. K. Sassa and Prof. H. Marui from ICL, represen-

tative of JICA for Croatia Mr H. Komiyama and colleagues

from the University of Zagreb, Faculty for Mining, Geology

and Petroleum Engineering, Prof. S. Mihalić Arbanas and

M. Krkač completed a 3-day visit to Serbia. In collaboration

with colleagues from The Highway Institute, some charac-

teristic landslides on Belgrade territory were visited (Umka,

Karaburma, Vinča), landslides on the Belgrade–Niš motor-

way (Begaljičko brdo and Ražanj), and the landslide

Mramor near Niš.

The Faculty of Mining and Geology of the University of

Belgrade became a member of ICL in 2011, and a member of

the ICL Adria-Balkan Network in 2012 (Mihalić-Arbanas

et al. 2013). In March 2012, Faculty of Mining and Geology

and The Highway Institute applied for an IPL project and

during the 7th Session of IPL-GPC in Paris in 2012, a joint

project number 181 was approved. It was entitled “Study of

Slow Moving Landslide Umka near Belgrade Serbia”.
This paper contains interim results obtained during less

than a year of the conducted project, as described in the

project plan and program.

Project Description

The landslides of Umka and Duboko are located 25 km

south–west of Belgrade and have been investigated in

detail for a long number of years. As a result, extensive

geotechnical documentation was collected, with publication

of a great number of papers in the last 30 years. The greatest

amount of research was conducted in order to prepare tech-

nical documentation for various phases of design and

planning of the E-76 and E-763 motorways, whose routes

cross the landslides of Umka and Duboko. To lesser extent,

research was done for the purpose of urbanization of the

settlement of Umka. The last phase of research for the

level of the preliminary design for the E-763 motorway

was completed in 2005, and no further research has been

conducted since then; no remedial measures were taken and

the motorway was not built. Automatic GNSS monitoring

was introduced in March 2010 in the body of the Umka

landslide as part of the TR36009 project supported by the

Ministry of Education, Science and Technological Develop-

ment of the Republic of Serbia. Movement, fluctuations of

levels of the Sava river, as well as hydro-meteorological

parameters (type and intensity of precipitation, temperature

regimens etc.) have been monitored daily since then. Umka

landslide is located on the territory of Belgrade Municipality

of Čukarica, in the right meander of the Sava River (Fig. 2).

The landslide surface is 1.8 km2 and its volume is

14,000,000 m3; it is classified as a slow active landslide.

The basic objective of the “Study of slow moving land-

slide Umka near Belgrade, Serbia” project was to analyze,

correlate and synthesize data obtained from various phases

of investigation after 30 years of research. Apart from this,

the analysis of data received from monitoring conducted

during certain phases of research would be compared with

data from automated GNSS monitoring during later years.

Synthesis of research results would help define the mecha-

nism and dynamics of movement of this large active slow

landslide, with the objective of proposing adequate remedial

measures. Project results would also help in better under-

standing other landslides found on the right banks of the

Sava and Danube rivers.

During numerous investigations various research

methods were used for research and monitoring. The project

Fig. 1 Geographical location of Republic of Serbia on the Balkan

Peninsula (Source: Google Earth 2013)
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will be focused on: (1) analysis of previous detailed site

investigations and field instrumentation from 1990–2005,

(2) analysis of aerial photo and orthophoto images from

1960–2010 and (3) analysis of automated GNSS monitoring

results from 2010 up to the end of the Project. Analysis of

precipitation and levels of the Sava River will be included.

The following activities are planned while conducting

the project:

– Review and organization of existing results

– Analysis of previous detailed site investigation and

monitoring results

– Analysis of aerial photo and orthophoto images

– Analysis of the precipitation regime and Sava river levels

– Analysis of GNSS monitoring results

– Compilation and analysis of all results and proposal of

remedial measures

After certain activities, it was planned to prepare partial

reports, and to prepare a comprehensive report at the end.

Preparation of a paper for the Landslide journal was also

foreseen. Deliverables and time frames are as follow:

– Compilation of results of previous field instrumentation

and site investigation up to 2005 (end of 1st year)

– Compilation of remote sensing data up to 2010

(end of month 18)

– Compilation of precipitation data and Sava river levels

up to end of Project (end of month 30)

– Compilation of GNSS monitoring results (end of

month 30)

– Final report (end of 3rd year)

The Project is organized by the University of Belgrade,

Faculty of Mining and Geology and The Highway Institute

Belgrade. University and Institute staff are providing all

necessary documentation for Project finalization. Additional

equipment will be necessary for some field instrumentation

(automated rain-gauge station and an additional GNNS

receiver). Maintenance of equipment will be organized by

both institutions. The total budget requirement is 40,000

USD and Project duration will be 3 years. Project Leader is

Associate Professor Biljana Abolmasov from University

of Belgrade, Faculty of Mining and Geology. Core members

of the Project are: Svetozar Milenković, MSc, Branko

Jelisavac, MSc, Uroš Djurić, PhD student, and Miloš

Marjanović, PhD researcher.

Results

Project IPL 181—“Study of slow moving landslide Umka

near Belgrade, Serbia” was approved in November 2012.

Review and organization of existing results was conducted

for 9 months afterwards, as per the Project Plan. Extensive

archive documentation was collected from The Highway

Institute, as well as papers on the Umka and Duboko

landslides published for international and local scientific

conferences. The Umka and Duboko landslides were

subjects of papers by Vujanić et al. (1981, 1984, 1995),

Ćorić et al. (1994, 1996), Dangić et al. (1997) and Jelisavac

et al. (2006).

Formats of the available documentation differ, with

some of the older reports in hard-copy/paper form, while

some of the newer reports are in digital format. The results

of field investigations and laboratory testing conducted

during different phases are available in original format,

with interpretations necessary for specific levels of geotech-

nical reports. Table 1 gives an overview of all research

conducted from 1978 to 2005 at the Umka and Duboko

landslides, including the name of the company conducting

the research and purpose of the research, together with a

note on documentation availability. It was important for

conducting this Project to have documentation available

in any format, and especially the documentation that was

not produced as a compilation of previous research, but

produced from different site investigations carried out for

that purpose. Out of eight different reports or documentation

pre-dating 1980, two were not available in any format

(1 and 2). In order to produce documentation listed under

numbers 4 and 7, no research was carried out, but the reports

were produced based on existing research results from pre-

vious years. Most extensive field investigations and instru-

mentation, as well as laboratory testing, were conducted

during 1992 and 2005 as needed for the preliminary design

of motorway E-763 (5 and 8) for both landslides.

Table 2 presents the overview of the type and extent of

investigations conducted for locations on the Umka and

Duboko landslides during 1992 and 2005. It can be seen

that most extensive investigations were conducted in 1992.

Fig. 2 Landslide Umka (Source: Google Earth 2013)
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Table 1 Overview of the available documentation for the Umka landslide

No. Title of reports/documentation (Serbian) Title of reports/documentation (English) Year

Site

investi-

gations Availability

1 Geotehničke podloge za izradu projekta

autoputa Beograd-Obrenovac na deonici

Ostružnica-Umka km 9 + 000 do 16 + 711

Geotechnical documentation for Belgrade-

Obrenovac motorway project design, section

Ostružnica-Umka km 9 + 000 to 16 + 711

1978 Yes No

2 Geotehnički uslovi izgradnje autoputa

Beograd-Obrenovac preko klizišta Umka i

Duboko km 17 + 000 do 21 + 000

Geotechnical conditions for construction

Beograd-Obrenovac motorway over Umka and

Duboko landslides, section km 17 + 000 to

21 + 000

1980 Yes No

3 Katastar klizišta i nestabilnih padina na

teritoriji opštine Čukarica

Inventory of landslides and marginally stable

slopes of Municipality Čukarica territory

1984 Yes Yes

4 Idejni projekat uređenja reke Save na potezu
od Umke do Bariča u sklopu izgradnje

autoputa E-76, Knjige 1–4

Preliminary design of Sava river regulation from

Umka to Barič within motorway E-76, Book 1–4

1990 No Yes

5 Geotehnička istraživanja u zoni klizišta Umka i

Duboko za nivo Idejnog projekta autoputa E-76

Beograd-Obrenovac km 15 + 500 do 19 + 750

Geotechnical Investigations of landslides Umka

and Duboko—Preliminary design of Highway

E-76, Belgrade-Obrenovac, section km 15 + 500

to 19 + 750

1992 Yes Yes

6 Inženjerskogeološka istraživanja terena za nivo

izmene i dopune DUP-a naselja Umka

Engineering geological investigation for Detail

Urban Plan of settlement of Umka

1992 Yes Yes

7 Geotehnički elaborat o uslovima sanacije klizišta

na putu Beograd-Obrenovac (kod klizišta Umka)

i Glavni projekat sanacije

Geotechnical conditions of remedial measures

works for landslide Umka on the

Belgrade-Obrenovac road—Main design report

1996 No Yes

8 Idejni projekat autoputa E763

(Beograd-Ljig-Požega), sektor 1,

Beograd-Ljig, Beograd (Ostružnica)—Umka

Preliminary design of Highway E-763

(Beograd-Ljig-Požega), Section 1:

Beograd-Ljig, Beograd (Ostružnica)—Umka

2005 Yes Yes

Table 2 Type and scope of investigations conducted on the Umka and Duboko landslides

Type of investigations

Used reports/documentation

Geotechnical investigations of landslides Umka

and Duboko—Preliminary design of Highway

E-76, Belgrade-Obrenovac km 15 + 500 to

19 + 750 (1992)

Preliminary design of Highway E-763

(Belgrade-Ljig-Požega), Section 1: Belgrade-

Ljig, Belgrade (Ostružnica)—Umka (2005)

Engineering geological mapping Detailed engineering geological mapping of both

landslides, cca 7 km2, scale 1:1,000

Detailed engineering geological mapping of both

landslides, cca 7 km2, scale 1:1,000

Drilling of boreholes 25 boreholes and logging of cores, total 621 m 62 boreholes and logging of cores, total 1,200 m

Shafts 4 shafts and logging total depth 78 m –

SPT 3 tests—total depths 20 m –

Inclinometers 10—installation and monitoring—total 300 m 33—installation and monitoring—total 770 m

Piezometers 16—installation and reading piezometers up to

depths of 27 m—total 430 m

–

Geodetic bench marks 65 geodetic bench marks –

ERT 2 km profiles –

Echo sounding of Sava river Echo sounding of Sava riverbed—50 profiles –

Laboratory testing 400 samples for determination/classification tests

and 50 samples for stress–strain tests

66—samples for determination/classification

tests and for stress–strain tests

Palaeontology sampling 30 samples for stratigraphy/palaeontology

analysis

–

Geochemical sampling 30 samples for mineralogy/geochemical analysis –

Chemical sampling 20 samples of groundwater and Sava river –

Trial pits 4 trial pits, total 10 m depth –
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Documentation was available in printed-paper version, and

so it was necessary to digitalize the maps and cross-sections

of the terrain, and establish unique databases of laboratory

and other measurements and observations. Documentation

from 2005 was processed in AutoCad format, but was also

available partly in printed and partly in electronic versions.

Scanning, digitalization and referencing of all spatial data is

currently underway, as is the development of the database

of laboratory and other results from field observations, as

well as the correlation of research results from both sets

of documentation. All published papers from last 30 years

have also been collected and scanned. For example, the

scan of an engineering geological map resulting from the

investigations from the year 1992 is shown in Fig. 3.

Conclusion

First research results from the IPL-181 project after

almost a year of project work are presented in the paper.

Data on available geotechnical reports as well as data

published in expert and scientific papers in the last

30 years about the Umka landslide near Belgrade have

been collected. The analysis, correlation and synthesis

of a large volume of data are currently being performed.

All data will be scanned and geo-referenced, and database

will be built. It is planned to collect all available geodetic

and remote sensing data, based on which the landslide

dynamics will be analyzed after the 1st year of project

activity. Data from the installed automated GNSS

receiver, precipitation and Sava river levels will be

followed in parallel to these activities. Three years after

the start of the project, analysis and synthesis of all data, it

will be possible to propose adequate remedial measures

for the Umka landslide.
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IPL Project 181: Study of Slow Moving Landslide Umka Near Belgrade, Serbia 79



international IAEG congress, vol 3, Lisboa, Portugal, 5–9 Septem-

ber 1994. Balkema, Rotterdam, pp 1759–1770
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Efforts in Landslide Risk Reduction in Asia

N.M.S.I. Arambepola and Senaka Basnayake

Abstract

Mountain areas are highly vulnerable to the adverse impacts of landslide disasters, which

have been observed to be increasing over the recent years. Many of the related problems

and challenges are associated with social, economic and environmental issues. The use of

early warning systems (EWS) for natural hazards such as floods and typhoons has advanced

fairly rapidly over the recent past and successful use of such systems has helped save lives

in affected areas. However, the use of early warning systems for alerting people to landslide

hazards is lacking. In order to promote such efforts in the Asian Region and to share

experience with good practices in landslide early warning systems, the Asian Disaster

Preparedness Centre (ADPC) has undertaken landslide early warning-related interventions

in a few countries and this has been reported under “IPL-156—Best Practices for Early

Warning of Landslides in a Changing Climate Scenario”.
Recently, devastating landslide events have been reported in several cities in Asia

located within mountain districts, in both their fringe towns and urban centers. Most of

the urban centers are strategically located and play a major role in boosting investment and

economic activities for the respective countries. Forecasted adverse climatic trends and

climate variations are increasingly making such landslide-prone land in urban built-up

areas more insecure for living. In recent years, many landslide events have occurred in hilly

district cities of Bangladesh such as Chittagong, Cox’s Bazar, and Tecknaf. The pilot

project IPL 180 aims at developing a city-level landslide hazard risk-management strategy

in Bangladesh so that other vulnerable cities in Asia will be able to replicate effective

practices for reducing future losses. In addition, the paper looks at various other landslide-

risk reduction pilot initiatives undertaken in Asia by ADPC.

Keywords

Landslide early warning � Community based disaster risk management

Introduction

As the population increases and societies become more

complex, landslides result in greater economic and societal

losses. The impacts of landslides are predicted to rise in the

future unless proper attention is given at early stages to

responding to, preparing for and mitigating their adverse

impacts. Increasing human activities in mountain areas

can add to the existing vulnerability of communities, and

so it is also advisable to regulate development in hilly areas.

One way to influence the process is to work with local

government authorities closely to enhance their capacity,

as they are the institutions responsible for land-use planning

and controlling building. Further, it is useful to explore

possibilities for mainstreaming the process of risk-sensitive
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planning and development control within the local govern-

ment set-up. The Asian Disaster Preparedness Center

(ADPC) has been engaged in building landslide risk man-

agement capacity in the partner countries in Asia for more

than a decade. The limited number of interventions in land-

slide mitigation and preparedness in Asia was the rationale

behind the initiation of this program. Currently, ADPC is

facilitating a network of 16 different agencies, universities,

and research institutions in more than 11 countries to advo-

cate for good practices in landslide-risk management. The

key objective of the Asian Program for Regional Capacity

Enhancement for Landslide Impact Mitigation (RECLAIM-

II), implemented by the Asian Disaster Preparedness Centre

(ADPC) in Thailand is building landslide-risk management

capacity in the partner countries in Asia. The program,

which has been funded by the Royal Norwegian Govern-

ment, received technical assistance from the Norwegian

Geotechnical Institute (NGI) in implementing project

activities in target countries.

Developing a Local-Government-Level
Framework for Landslide-Risk Management

A convenient way to avoid future landslide disasters is to

minimize construction on hilly slopes. This is rarely socially

acceptable or economically feasible in the present context.

The mountain areas are rapidly being developed in many

countries in Asia due to the opportunities for tourism, living,

recreation, agriculture, and livestock farming. At times

communities tend to undertake construction on dangerous

slopes while paying little attention to slope stability, as there

are few options to build houses in safe areas, as shown in

Fig. 1. In addition, hilly areas usually are favored for hydro-

power industry, and development of water retention

facilities for irrigation, etc.

But often risk information is not used in designing such

development projects. In most cases, detailed risk assessment

data are not available for designers during the design stage

of such projects. Another problem is that developers of

such projects do not allocate sufficient funds for detailed

investigations when designing such projects. They also do

not have a good understanding of the fact that most landslides

or potential failures can be predicted if proper investigations

are carried out in time, and that such predicted potential

failures can be mitigated with good engineering measures.

The main thrust of the framework suggested for landslide-risk

reduction is to use risk information in development planning

and controls on building, considering the proneness of the

areas to landslide hazards. This framework also fosters

guidelines for development activities on hill slopes to be

directed to safer areas, in a manner that such activities will

not create new risk or aggravate existing level of risk.

Approaches for Increasing the Effectiveness
of Landslide Early Warning Mechanisms

In many cases, when the resources for expensive mitigation

measures are not available, the next best approach will be to

promote preparedness measures. Hence in the local govern-

ment strategy for landslide risk reduction, it is essential to

include measures for promoting preparedness for sustainable

development and reduction of human losses. In the same

way, early warning measures, which have advanced consid-

erably, have served as effective methods in the case of

natural hazards such as cyclones and floods, although they

are yet to be popular in the case of landslides (NBRO 1994).

More importantly, effective use of early warning in the

case of floods and cyclones has developed at the local level,

and has proven effective in reducing the human losses con-

siderably. Because there are many stakeholders involved in

the process of providing early warning to communities from

the time of prediction and information generation up to the

community response, a study was undertaken to assess sys-

tem gaps in the case of landslide early warning in a few

selected countries by ADPC (Subbiah and Fakhruddin 2008).

Typically, as shown in Fig. 2, the total early warning

system can be divided into three sub-systems: the detection

sub-system (which deals with monitoring, detection, data

assessment, data analysis, prediction), the management

sub-system (which deals with risk assessment, interpretation

and communication), and the response sub-system (which

deals with the identification of local level elements at risk,

preparedness, response and evacuation). The study has

shown that gaps exist at all three sub-systems, but more at

the management and response sub-systems. Hence it became

essential to demonstrate ways to address the gaps at those

two levels. A pilot study was undertaken in Bangladesh in

Fig. 1 Vulnerable locations in a built-up area
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promoting community-based landslide early warning based

on two landslide-prone municipalities to come up with an

appropriate framework at the local level. The structure of the

early warning system and results of the gap assessment are

given in Fig. 3.

Processes for Promoting Community-Based
Landslide Risk Reduction Mechanisms
for the Most Vulnerable Communities

In recent years, more than 300 people have been killed in

landslides in districts such as Chittagong and Cox’s Bazar
during the period of 2007–2012 (ADPC 2012). The project

initiated with the assistance of Comprehensive Disaster Man-

agement Program (CDMP) of Bangladesh, which is being

funded by a multi-donor consortium headed by UNDP, is

considered as a major step by Bangladesh authorities for

promoting city-level landslide disaster risk management. In

the process, several stakeholders such as city officials, land-

slide professionals, disaster management practitioners and

vulnerable communities living in landslide-prone areas

became actively involved in activities that have advocated

for landslide hazard early warning, effective local level

response mechanisms and increased preparedness measures.

City Level Meetings and Workshops

Several city-level workshops were organized in order to

educate the elected officials and other stakeholders. These

included the Mayor and elected councilors, city officials,

officials from other government agencies such as the local

meteorological department and local government engineer-

ing departments, and NGOs such as the Red Crescent Soci-

ety. In these training workshops, subjects such as the factors

causing landslides, triggering mechanisms, and issues

related to land-use planning, and controls on building were

introduced to participants. The project created a landslide

hazard map at a 1:10,000 scale for municipalities of Cox’s

Bazar and Tecknaf, and the most vulnerable communities

within the two cities were identified by the participants of the

training workshops. During the workshops, a consensus was

reached that the municipality would take the lead role in the

implementation of the project, with the technical guidance of

the project team. It was also discussed how the elected

commissioners could act as change agents to help implement

project activities.

The local government councilors selected volunteers and

community facilitators in each selected community, with the

help of other stakeholders and community members. These

volunteers and community facilitators were trained to under-

take community-level hazard mapping, identification of most

critical risk areas, ways of communicating early warnings and

evacuating communities to safe areas, and to act as change

agents for undertaking overall landslide risk reduction

measures within their communities. They were also assigned

the duty of leading the response process in case of the occur-

rence of indicators of potential new landslides within the

community area (Asian Disaster Management News 2008).

Orientation and Training Program
for Volunteers and Community Facilitators

The training material included information on community-

based disaster risk reduction, the ways to mobilize a vulnera-

ble community, training in community-level landslide hazard

risk mapping, vulnerability assessment, and early warning

system operations (ADPC 2011). They were also provided

an orientation at the site by the project team. During the

training, a general outline of causative factors, trigger

mechanisms, hazard and vulnerability mapping and identifi-

cation of critical risk-prone slopes were provided, using sim-

ple explanations. In addition, there was a focus on the basic

components of the early warning systems, such as vigilance

with respect to critical slopes, monitoring the slopes to iden-

tify early indicators of landslides, warning dissemination and

communication, response planning, and evacuation. During

the training, other types of hazards common in the community

were also discussed and stock-taking on all vulnerable

members within the community was undertaken.

Each community volunteer has been made responsible for

a particular section of the community in implementation of

the early warning system and response plan (Fig. 4).

Community Risk Assessment

After receiving the training, the volunteers facilitated a

community risk assessment in each vulnerable community

with their respective community members (Abarquez and

Murshed 2008). A community risk map indicating critical

Fig. 2 Early warning system structure
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slopes is shown in Fig. 5. The objectives of the risk and

resource mapping exercise are as follows:

• Understand the behavior of monsoon season weather and

arrange for extra vigilance during monsoon periods.

• Identify vulnerable segments of community groups

(elderly people, disabled people, pregnant women, vul-

nerable houses, infrastructure etc.) and their locations

within the community.

• Identify critical slopes and potential and current landslide

locations that need constant monitoring during rainy

periods to identify possible early indications of

landslides.

• Identification of evacuation routes within the community

in the event of landslides.

• Assess the manpower and community-level resources

available to obtain external support when and where

necessary.

Gap assessment

National level Regulatory framework for warning
Stakeholders involvement and roles

Observation/ monitoring

Data analysis

Prediction Risk assessment

Potential impact assessment

Warning formulation

Preparation of response
options

Dissemination to at-risk communities

Community response

Source agency at
national level

Insufficient analysis capacity and warning communication facilities

Poor Data sharing among agencies

Data analysis capability
Skilled human resource
Capacity to make use of threshold values

Local level potential impact assessment not done
No accurate thresholds for precipitation

Language
Localized, relevant

Institutional machanism, linkages
SOPs
Redundant communication systems
Reach to at risk groups

Public awareness
Communication of forecast limitations
Lack of trainers/ facilitators
Actions to respond to warning

National to sub-
national levels

Sub-national
level tech.
agencies

Local level

Warning
formulation stage

Dissemination at
local level

Community
response stage

Fig. 3 Structure of early warning systems (EWS) and assessment of gaps

Fig. 4 Community-level meetings facilitated by volunteers, to vali-

date vital information for executing response plans

Fig. 5 Community risk map indicating critical slopes
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Hazard Assessment and Risk Profiling

The most important aspect of an early warning system is to

monitor the hazard level and understand how, when and

where the potential hazard event will have the potential to

severely affect a community. In the traditional scenario,

precipitation monitoring and recording is being carried out

by the meteorological department and local met office

located within the municipality area. To complement the

existing efforts to disseminate early warning messages, risk

profiling has been carried out from the community level to

the municipality level. It has helped in developing risk

scenarios for the entire municipality. It helped the munici-

pality officials to understand how community-driven efforts

can supplement the existing mechanisms. For example,

Cox’s Bazar is vulnerable to cyclones, floods and landslides

and usually any one or all types of hazards can occur simul-

taneously in any of the communities. Hence the municipality

should have a good idea about the multiple natures of

hazards, their potential areas of occurrence and preparedness

measures that need to be undertaken to suit all types of

hazards. If a hazard turns into a disaster, they should know

effective ways to respond to multiple hazards. This approach

helped municipality, government agencies and other

designated response agencies and non-governmental

organizations to make their response more effective in

times of emergencies.

Early Warning and Monitoring System
Development

After conducting the community risk assessment, an early

warning and monitoring system has been developed. A

sample community-based landslide early warning system

design is shown in Fig. 6. All possible interventions were

identified through this activity, and roles and responsibilities

have been assigned to respective parties. The local

institutions that can be helpful in providing early warning,

methods of dissemination to the community, and community-

level social dynamics that need to be aligned with external

agencies for effective dissemination have been identified.

The possible early warning mechanisms for each community

have been discussed with the municipality to facilitate effec-

tive implementation during monsoon periods.

Development of Decision Support
System at the City Level

One of the noticeable factors for failures in the past was the

limited capacity of the city to develop a decision support

system for responding to multiple types of emergencies.

Most of the time, the use of the decision support system or

analysis takes place at the national level, which invariably

takes time to reach the local level. Even if information is

Fig. 6 Community-based

landslide EWS design
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sent to municipalities, since it has not been generated at an

appropriate resolution, local governments cannot use such

information for risk reduction interventions. To minimize

the information gaps and transmission costs, as well as

improve the reaction time, there is a need to enhance the

capacity of city level officials to develop a decision support

system at the local level. If the city is prone to multiple

hazards, including landslides, and if the risk assessment

shows a high vulnerability, the city should have the capacity

to use the decision support system that would assist the

city to prepare for and respond to such multiple events.

The same information can be used for land-use planning

and control for appropriate construction or to improve com-

munity resilience. The training workshops were held to train

municipality-level stakeholders in using such decision sup-

port systems for future disaster risk reduction.

Installation of Rain Gauges at the Community
Level and a Display System

A scientific study was carried out by the project to develop

the rainfall threshold values for landslide triggers. To maxi-

mize the use of rainfall data and established thresholds, rain

gauges have been installed in various vulnerable locations in

the selected communities. A sample rain gauge indicating

alert, warning and evacuation levels using a color code is

shown in Fig. 7 (ADPC 2007). Volunteers and community-

based facilitators have been trained to collect the rainfall

data on an hourly basis and convey the information to

municipality and local meteorological department offices

during monsoon periods through an SMS text messaging

service. In addition, the information will be conveyed

directly to community volunteers and facilitators. The infor-

mation collected by volunteers and facilitators at each of the

rain gauge stations would also be displayed in the commu-

nity using a display board. The display boards have been

installed in strategic locations within the municipality.

Collection and Processing of Rain Gauge Data
at the Municipality Level

The early warning system components have been discussed

with the city and local meteorological department office as

an effective tool in preparing for and response to future

events. The community-based operations have been stream-

lined to complement existing planning. The information

collected at the national level would be sent to the local

meteorological department offices. Municipalities would

closely work with the local meteorological department

office, which will provide a summarized outlook covering

meteorological and atmospheric predictions on a daily basis

to the municipality. The municipality will also share the

information received from the community with the local

meteorology office. The municipality will use both sets of

data for issuing alert messages to the community and finally,

after reaching the precipitation threshold, to issue evacuation

orders. A cluster-based “Risk communication strategy” and
evacuation plan is shown in Fig. 8. The municipality also

uses a display system for direct information dissemination to

community-level volunteers and facilitators. In continuation

of the community-based early warning systems, the project

has facilitated community-level simulations and mock drills

to ensure better response capacity.

Towards a Long-Term Landslide Risk
Management Strategy

Landslide hazard zonation maps, the development of precip-

itation thresholds, the establishment of community-level

early warning systems and interventions for creating com-

munity awareness of landslide preparedness and mitigation

are measures that have been used in promoting city-level

risk management. The project also demonstrated ways of

regulating development using the decision support systems.

The response planning and community-based disaster risk

reduction interventions helped in strengthening the capacity

of the city dwellers to respond, manage and implement the

landslide risk management plans effectively.

The work done under the project had become a good

starting point for developing a national strategy for landslide

risk reduction in Bangladesh. At the end of the project, a

national-level workshop with the participation of stake-

holders and representatives of urban local governments

was organized to present the outcome of the activities and

to discuss the strategy for long-term landslide risk manage-

ment in Bangladesh.

Fig. 7 Sample rain gauge where alert, warning and evacuation levels

are indicated using a color code
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Conclusion

It has been observed that the urban local authorities

involved in planning human settlements and develop-

ment, as well as service sectors such as water, power

and road development authorities, do not give adequate

attention to landslide problems for a variety of reasons.

Therefore, the project felt that a more effective approach

for reducing the impact from landslide events on

communities in the future would be to create awareness

of the issues related to landslide risk management by

local authorities. Subsequently the development of a

long-term strategy for landslide risk management was

helped by discussion of the issues and solutions in a

comprehensive manner. The information products at the

local level should serve as decision support systems for

local governments to undertake disaster risk reduction.

When the resources are not adequate for long-term miti-

gation interventions, it is also appropriate to have

improved preparedness measures. One of the ways to

improve the early warning operations is to develop local

level early warning systems and improve the response

capacity at the community and local government levels.

It is important also to conduct warning audits in key areas

such as communication and coordination, warning recep-

tion, local hazard monitoring, local warning dissemina-

tion, preparedness and administrative compliance.
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Study of Landslides in Flysch Deposits of North Istria,
Croatia: Landslide Data Collection and Recent
Landslide Occurrences

Željko Arbanas, Sanja Dugonjić Jovančević, Martina Vivoda,
and Snježana Mihalić Arbanas

Abstract

The northeastern part of the Istrian Peninsula in Croatia is built of Palaeogene flysch

deposits, in which instability is common and where a large number of landslides, with

significant consequences, have been recorded. Study of landslides in flysch deposits of

North Istria will be conducted as one of the main activities of ongoing IPL-184 Project. It

includes analyses and recognition of sliding mechanisms to use in landslide modelling and

to determine landslide susceptibility and hazard in flysch rock mass deposits. Several

landslide types, mechanisms and conditions occur in the study area. The majority of studied

landslides occurred during the spring and winter. Generally, the landslides are of rotational

and translational sliding type, and rarely rock falls and debris flows. Local roads and rarely

other structures and facilities suffered major damage as a consequence of the landslides.

Landslide inventories, as well as landslide susceptibility maps, have never been carried out

in the study area. Today’s knowledge about landslides in this area is based on investigations
of individual landslides and partial scientific research. After the project started, some of the

activities from all stages of the project have been initiated. The proposed first stage of the

project includes supplementation of the existing database, and field investigations of recent

and existing landslides in the study area, as well as soil sampling for laboratory testing.

Moreover, the methods used for landslide susceptibility and landslide hazard assessment

are presented. This paper presents the current state of investigations and research in the

initial stage of the IPL-184 Project.

Keywords

Landslide � Flysch � Data collection � Landslide mechanism

Introduction

The northeastern part of the Istrian Peninsula has a long

history of landslide occurrences and many papers have

described instability phenomena there. Benac (1994), in his

doctoral thesis, described landslides in the Plomin area

on the east coast of the Istrian peninsula; Mlinar et al.

(1995) described the Raspadalnica landslide near the city

of Buzet; Arbanas et al. (1999) described small landslides

which are frequent in this area; Arbanas et al. (2006)

described debris flows at the foot of the Ćićarija Mountain

range; and Arbanas et al. (2010) described mechanisms

of the translational Brus landslide. Different authors wrote

Ž. Arbanas (*) � S. Dugonjić Jovančević � M. Vivoda
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papers regarding rock mass strength aspects (Arbanas et al.

2006, 2007, 2010; Benac et al. 2009). A review of research

results on recent landslides that occurred in the central and

northern parts of the Istrian Peninsula over the past 35 years

is presented in Dugonjić Jovančević and Arbanas (2012).

Just a few papers present landslide hazard assessments in the

area (Mihalić et al. 2011; Dugonjić Jovančević et al. 2014).

In terms of geology, the Istrian Peninsula, situated in the

northwestern part of the Adriatic Sea, is formed in flysch

rock mass deposits called Gray Istria due to the gray colour

of the exposed flysch rock mass. The Istrian Peninsula can

generally be divided into three geological units: the Red

Istria area in the southern and southwestern part of the

peninsula has carbonate rocks covered by red-coloured

deposits of Mediterranean soil, or so called terra rossa; the

White Istria area, which includes the Ćićarija Mountain

range and part of the Učka Mountains, has white carbonate

rocks visible at the surface; and the Gray Istria area in the

central part of the peninsula has Palaeogene flysch deposits

(Arbanas et al. 2011).

In typical areas, the flysch bedrock is covered by Quater-

nary deposits, except in isolated areas where there is more

erosion (Dugonjić Jovančević and Arbanas 2012).

The total area included in the study area of this IPL-184

Project covers about 550 km2, and the volume of recent

landslides exceeds 500,000 m3.

IPL-184 Project: Study of Landslides in Flysch
Deposits of North Istria, Croatia: Sliding
Mechanisms, Geotechnical Properties,
Landslide Modelling and Landslide
Susceptibility

The expected duration of the IPL-184 Project is four years,

and it includes three senior researchers and six young

researchers. The main objectives of the Project are: study

of triggering factors and landslides mechanisms of

instabilities in flysch formations in North Istria, Croatia;

laboratory analyses of soil materials from the flysch deposits

using ring shear apparatus; modelling of typical instabilities

in flysch deposits: back analyses; identification of conditions

which cause landslides in flysch deposits and

recommendations for landslides susceptibility and hazard

mapping in flysch areas.

The Project activities are listed in Table 1. The first stage

consists of data collection; field investigations of existing

landslides in the study area and soil sampling for laboratory

testing. During the second stage of the project the main

activities will be laboratory testing of soil samples and

establishment of landslide numerical models based on back

analyses and laboratory testing results. The third stage

includes spatial analyses of the geotechnical model, spatial

analyses of the existing landslide distribution (landslide

inventory) and landslide susceptibility and hazard mapping

in a pilot area inside the study zone, based on the results of

previous investigations.

In the fourth stage, a systematic particular deterministic

analysis of landslides susceptibility based on 3D stability

analyses will be carried out for the pilot area. Based on the

results obtained in the third and fourth stages,

recommendations for landslide susceptibility and hazard

mapping in the flysch area of North Istria will be prepared.

Even during following stages, all the activities from earlier

phases will be continued until the end of the project.

In the fifth stage, recommendations will be presented to

the local authorities in the study area: the County of Istria,

and the cities of Buzet, Pazin and Buje, as well as other

municipalities located in study area, as helpful measures for

future urban planning.

The expected benefits of the Project are multiple: for

society (through implementation of the project’s results in

physical planning); for local authorities (through better

understanding of conditions for land-use planning); for

companies that maintain facilities such as roads and

pipelines (through indentifying landslide hazards for

existing and new facilities); and for scientists (through new

knowledge of landslide behaviour in flysch deposits).

Supplementation of the Existing Database

The creation of the landslide database for the study area

(Fig. 1) began in 2008 at the Department of Hydrotechnics

and Geotechnics, Faculty of Civil Engineering, University of

Rijeka, using existing documentation collected from the

Table 1 Plan of working phases, their duration and expected results

for the IPL-184 project

Working phases Expected results

Time

frame

First phase: data

collection, field

investigations

Field database establishment 12 months

Second phase:

laboratory testing,

numerical modelling

Geotechnical properties

database

12 months

Third phase: spatial

analyses

Landslide susceptibility

maps, landslide hazard maps

for pilot area

10 months

Fourth stage:

deterministic landslide

analyses

Recommendations for

landslide susceptibility and

hazard maps preparation in

the flysch area of North

Istria

8 months

Fifth stage:

investigation

presentation

Presentation of results to the

local authorities in the study

area

6 months

90 Ž. Arbanas et al.



department’s archives and from the archives of the Istrian

County Roads Office and the Civil Engineering Institute of

Croatia (Dugonjić Jovančević and Arbanas 2012). These

documents included geological and geotechnical data from

geotechnical field studies for remediation works on

landslides. Figure 1 shows the locations of recent landslides

documented from 1979 to 2010 for previous research

(Dugonjić Jovančević and Arbanas 2012) and landslides

documented after 2010 in the first stage of the current IPL-

184 Project. Many landslides that occurred in this period are

not documented in this paper because they cannot be

substantiated. They will be included in the landslide inven-

tory map for the study area which is planned to be done in

the third phase of the project.

The database for the studied landslides contains basic

information about their location, type, dimensions and time

of occurrence, as well as other data from geological and

geotechnical studies, laboratory test reports, and remediation

designs, as shown in Table 2.

It was observed that landslides on flysch slopes have

multiple styles and retrogressive distribution (Cruden and

Varnes 1996). Landslides in the area generally cover rela-

tively small slope areas (Arbanas et al. 2007, 2011; Dugonjić

Jovančević and Arbanas 2012). In most cases, the slides are

rotational, while other types of instability are rare (Arbanas

et al. 2010; Mihalić et al. 2011; Dugonjić Jovančević and

Arbanas 2012). The sliding surface usually forms inside

the weathered flysch rock mass, between the cover and

the fresh bedrock. Instabilities initially develop through the

weathering of superficial flysch deposits exposed to atmo-

spheric activity and unfavourable hydrological conditions.

Weathering of the flysch rock mass, and processes of erosion

and accumulation of the weathered material, which form

potentially unstable deposits, are very significant causal

factors for landslide initiation in the area. Weathering grades

from the cover surface to the flysch bedrock are shown

on a profile in the study area (Fig. 2).

Because of the different grades of weathering (ISRM

1985), the strength parameters of soils in the landslide

bodies show considerable variation. The strength properties

of the flysch bedrock were difficult to assess due to distur-

bance of the flysch rock mass during the sampling, while the

tested samples were collected from different parts of the

landslide body, although rarely from the surface of rupture.

Different test methods were employed, using different

direct shear apparatus, ring shear apparatus and triaxial

apparatus.

The volumes of the investigated slope instabilities vary

from 700 to 175,000 m3; the average slope angle is between

15 and 30 %, and the thickness of superficial deposits varies

from 0.5 to 11 m (Table 2). An overview of the documented

landslide dimensions, based on the Multilingual Landslide

Glossary (WP/WLI 1993) is shown in Table 3. By analyzing

the sliding causes and triggering factors it was concluded that

almost all landslides in the study area were initiated by a rise

in groundwater level caused by rainfall, and consequently by

a decrease of effective strength caused by increasing pore

pressure (Dugonjić Jovančević and Arbanas 2012; Arbanas

et al. 2011; Dugonjić Jovančević et al. 2014). It is clear that

the landslides occurred after long rainy periods, while short-

term rainfalls have significant influence on erosion.

Recent Landslide Occurrences 2010–2013

The Grdoselo 3 Landslide occurred in autumn 2011

(Fig. 3a). It is located on a local road on which two more

landslides (Grdoselo 1, 2) occurred in the past. The natural

slope balance was disturbed and hydrogeological conditions

changed during road construction. A large amount of water

was flowing on the slope and infiltrating into the road

embankment. Infiltration continued until the flysch rock

mass was reached and then the groundwater level rose.

The Grdoselo 3 Landslide was caused by a combination

of heavy rainfall and human activity that significantly

Recent landslide 1979-2010

Weather station

Study area
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Fig. 1 Map of the Istrian Peninsula with the location of the study area

and documented landslides
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changed slope geometry. Field investigations were

conducted in autumn 2011 and consisted of engineering

geological mapping, borehole drilling and laboratory testing.

The sliding surface was located at the contact between the

superficial slope deposits and flysch bedrock. This is a trans-

lational type of landslide, and its boundaries were deter-

mined from a 35 m long subsidence of the pavement and

accumulation of material in the toe.

The Mikuličići Landslide occurred on the local

Lupoglav–Vranja road, and damaged 15 m of the road

embankment (Fig. 3b). The average inclination of the slope

was approximately 33� in the lower part of the slope to 52�

on the slope above the road.

Field investigations were carried out and a geological

cross-section was prepared. The geological profile includes

embankment fill, colluvium deposits and flysch rock mass in

the bedrock and limestone on the top of the slope above the

road. Undisturbed heterogeneous flysch rock mass is classi-

fied in C, D and E groups, with a Geological Strength Index

Table 2 Database of recent landslides in the study area

Location

Time of

occurrence Type of instability

Estimated volume

(m3)

Average slope

angle (%)

Cover thickness

(m)

Triggering

factor

Krbavčići January 1979 Rotational l 59,000 15–20 0.5–10.0 Rainfall

Krbavčići 1 January 1979 Translational l 176,000 15–20 1.0–10.0 Rainfall

Staraj Spring 1993 Rotational l 1,900 10–30 3.5–4.0 Rainfall

Krušvari Spring 1993 Rotational l 68,500 14 1.5–9.0 Rainfall/

human

Raspadalica 1 1992 Translational l 900 50–70 1.5–3.5 Rainfall

Raspadalica 4 1994 Rotational l 4,100 50–70 2.5–5.5 Rainfall

Čiritež 1995 Rotational l 37,000 14 5.0–10.0 Rainfall

Raspadalica 2 1995 Rotational l 2,900 55–70 2.5–6.5 Rainfall

Raspadalica 5 1995–1999 Rotational l 13,400 50–70 4.0–11.0 Rainfall

Grdoselo 1 Winter 2002 Rotational l 1,800 25 0.5-6.5 Rainfall/

human

Grdoselo 2 Winter 2002 Rotational l 2,300 25 0.5–5.5 Rainfall/

human

Krbavčići-

reactivated

January 2003 Debris/earth flow 35,000 15–30 0.5–10.0 Rainfall/

human

Ivančići Spring 2004 Fall 1,500 15–30 1.0–3.6 Rainfall

Vidaci Winter 2004 Fall 1,400 35–55 1.0–2.5 Rainfall

Drazej January 2005 Rotational l 9,800 30 4.5–8.0 Rainfall/

human

Brus Spring 2005 Translational l 35,000 15 0.5–1.5 Rainfall

Marinci Spring 2006 Rotational l 1,800 30 8.0–8.5 Rainfall/

human

Juradi November

2010

Translational l 47,000 10–25 6.0–11.0 Rainfall/

human

Kaldir Winter 2010 Rotational l 2,000 22–30 7.0–9.0 Rainfall

Grdoselo 3 Spring 2011 Rotational/

translational l

6,400 42–68 3.8–4.0 Rainfall

Mikuličići Autumn 2011 Rotational l 700 50–76 4.8–4.8 Rainfall

Juričići November

2012

Rotational l 1,700 57–85 3.0 Rainfall/

human

Fig. 2 Weathering profile in flysch rock mass (ISRM 1985):

F fresh, SW slightly weathered, MW moderately weathered, HW
highly weathered, CW completely weathered, RS residual soil
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(GSI) of between 40 and 20 (Marinos and Hoek 2001). The

remedial works design proposed a cantilever retaining wall

5.5 m high at the road edge founded in the bedrock and

boring a drain system across the road up to limestone.

Excavation of a wastewater trench in the toe of the

slope, in combination with period of heavy rainfalls, caused

the Juričići Landslide in November 2012 (Fig. 3c). At that

time 35 m of local road was damaged, and during the rainy

spring of 2013, the width of the landslide enlarged

another 30 m and the landslide head scarp damaged the

road. The Juričići Landslide is a shallow rotational landslide,

which involved 3 m of the clayey cover deposits, together

with the road embankment, bringing material down the slope

into the landslide toe. Further landslide widening potentially

could have occurred due to small hydrodynamic or geometry

changes in the slope, so emergency remedial work needed

to be done. Construction of a gabion wall at the road edge,

71 m in length and founded on concrete piles, is still in

progress (Autumn 2013).

Conclusions

Conditions that predispose flysch slopes to future

landslides include the presence of clayey superficial

deposits over the flysch bedrock on a slope with suitable

inclination and kinematic conditions for sliding. Admis-

sion of water into the slope, with the inclination of

the almost-impermeable flysch bedrock either retaining

the groundwater at a location or promoting groundwater

flow close to the slope inclination, and conditions

in which the slope is exposed to a sufficiently long,

continuous period of rainfall are main triggering factors

for the activation of landslides on the flysch slopes of

Gray Istria.

According to the well-known and widely applied

principle “The past and the present are keys to the

future” (Varnes 1984; Carrara et al. 1995), it is assumed

that new landslide occurrences on the flysch slopes

of Istria will appear in morphological, geological,

hydrogeological and geotechnical conditions that are

similar to the conditions associated with recent landslide

occurrences (Dugonjić et al. 2008; Dugonjić Jovančević

and Arbanas 2012). This is an important assumption

for the future landslide susceptibility and landslide

hazard analyses planned for the coming phases of the

IPL-184 Project.

Table 3 Dimensions of landslides in the study area

Dim.

(m)

Krbavčići

(1979)

Krušvari

(1993)

Krbavčići

(2003)

Drazej

(2005)

Brus

(2005)

Marinci

(2006)

Juradi

(2010)

Mikuličići

(2011)

Grdoselo 3

(2011)

Juričići

(2012)

L 242 115 140 48 208 23 63 31 106 13

Ld 240 80 137 45 142 21 55 31 106 12

Lr 220 115 130 25 142 20 60 13 80 13

Wd 55 145 40 50 37 15 150 25 40 55

Wr 45 85 50 49 37 14.5 145 25 42 55

Dd 10.0 4.5 6 4 8–10 2 8 2 2 2.5

Dr 12.5 7 10 8 10 8.5 11 2 2.5 2.5

Fig. 3 Photographs taken after sliding: (a) The Grdoselo 3 landslide,

(b) the Mikuličići landslide and (c) the Juričići landslide
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“Report a Landslide” A Website to Engage the Public
in Identifying Geologic Hazards

Rex L. Baum, Lynn M. Highland, Peter T. Lyttle, Jeremy M. Fee,
Eric M. Martinez, and Lisa A. Wald

Abstract

Direct observation by people is the most practical way of identifying, locating, and

describing most damaging landslides. In an effort to increase public awareness of landslide

hazards and encourage public participation in collecting basic data about landslides, the

USGS recently launched a website called “Report a landslide.” The website is modeled in

part after the highly successful USGS website “Did you feel it?” which has been used for

several years to gather data from the public about intensity of felt earthquakes. The new

“Report a landslide” website encourages visitors to report where and when they observed a
landslide and to classify the landslide by movement type. Interested users also can report

information about damage and casualties, dimensions, and simple geological observations,

and can submit photographs of the landslide. Once a user submits a report, the location of

the reported landslide appears on a map, and the location is linked to a summary of

submitted data. Photos are reviewed prior to posting on the event page. By adding existing

USGS data from historical landslides and promoting the website in the wake of large,

regional landslide events, we hope to generate widespread awareness and interest in the

website. The “Report a landslide” site has great potential for eventually creating a nation-

wide source of basic landslide data.

Keywords

Internet � Citizen science � Landslide inventory

Introduction

In recent years a growing number of scientific endeavours

have turned to the public to facilitate collecting or

processing data due to the widespread availability of

personal computers and mobile devices (smartphones and

tablets) with access to the Internet. Observations that can be

made by untrained persons can contribute to collection or

analysis of valuable data on a wide range of natural phenom-

ena. Such efforts are often referred to as “citizen science” or
“crowd sourcing” and serve to increase public awareness of

and interest in science and scientific issues that affect society

as well as contributing to scientific research (Graham et al.

2011). Websites or mobile applications for citizen science

have been developed for diverse subject areas in the natural

sciences including phenology (Enquist et al. 2012); invasive

species (Graham et al. 2011); image interpretation for tropi-

cal cyclone intensity, space weather, and astronomy

applications (Graham et al. 2011; Hennon 2012); environ-

mental monitoring through repeat digital photography

(Graham et al. 2011); earthquake intensity (Wald and
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Dewey 2005; Atkinson and Wald 2007) and landslides

(http://www.bgs.ac.uk/landslides/reportForm.html). In May

2009 the USGS Landslide Hazards Program began work on

a web-based landslide reporting system (Highland et al.

2009), known as “Report a landslide”. The project subse-

quently became included in the International Program on

Landslides (IPL) as project IPL-168 (http://iplhq.org/cate

gory/iplhq/ipl-ongoing-project/).

The objectives of this project are to educate Americans

about the landslide hazards they face and to build more

complete inventories of landslides through citizen participa-

tion. This project strives to make it as easy as possible for the

public to report their observations of landslides on a website.

The information gathered through the website can be used to

classify the landslides and damage, as well as provide infor-

mation to scientists about the location, time, speed, and size

of the landslides. The website displays summary maps

showing locations of recently reported landslides, as well

as graphs showing simple statistics derived from the col-

lected data, such as number of landslide reports and cumula-

tive losses for a particular landslide.

An initial, working version of the website and database

went online in June 2012 and was subsequently announced

with a news release (http://landslides.usgs.gov/dysi/form.

php). Several minor coding improvements were

implemented in autumn 2012 to make the website compati-

ble with all commonly used web browsers. The on-line

questionnaire allows users to submit reports of landslides,

including location, timing, description, damages, and

photographs. Summary results, except photographs, are

available on the “Report a landslide” website shortly after

submitting a report. Photographs are reviewed to confirm

that they are appropriate for public viewing before posting to

the website.

Methods and Approach

Database Schema

Development of “Report a landslide” began with review of

landslide report forms that had been developed by others

(Cruden and Varnes 1996; Godt 1999; Hofmeister 2000;

Laprade et al. 2000; Washington Division of Geology and

Earth Resources 2013). Although each report form or data-

base schema that we examined differed in detail, basic kinds

of information requested or included were similar: location,

date and time, size, damage and casualties, and name and

contact information of the person reporting the slide. In

addition, many forms asked for landslide type, slope angle,

and speed. Some forms asked for one or more of the follow-

ing: geological setting, certainty, land use, suspected cause,

activity level, slope height, and dollar losses.

Our analysis of the existing report forms and their under-

lying data structure guided our development of a plan for the

“Report a landslide” database. Our desire to characterize

location, timing, types, and impacts of future landslides

helped determine priorities. Landslide location, date of first

observation, type of movement, and an identification (ID)

number constitute the core of the database. Additional fields,

as well as additional reports on the same landslide, are keyed

to the ID number. The additional fields contain observations

that might be more difficult or time-consuming for most

observers including size, speed, activity, damage, casualties,

contact information, comments, and photographs.

Questionnaire Design

A questionnaire of critical information for landslide identifi-

cation was developed. Particular care was taken to prepare

questions that could be answered by untrained observers.

This was accomplished by selecting a minimum number of

questions, phrasing the questions so that they could be

interpreted easily, and by providing lists of possible answers.

Where needed, tools are provided to help answer the

questions. We avoided use of technical terms wherever

possible and presented diagrams and photographs to help

explain concepts, such as landslide type. Calendar tools

simplify date inputs and menus present possible answers

for most questions. Three different methods are available

for entering landslide location.

Landslide location tools allow for use of text, graphical,

and automated methods. (1) A map interface allows the user

to type in an address or location name. The map zooms to the

location and a marker appears showing the address location

in the geodatabase. The user can then drag the marker to the

exact landslide location on the large-scale base map or

satellite image (Fig. 1). Alternately, a user can (2) enter

latitude and longitude obtained by a handheld global posi-

tioning system (GPS) receiver or (3) a user on-site with a

tablet or laptop with GPS capability can allow the device to

automatically set the location. Regardless of method used,

“Report a landslide” will display a marker at the reported

landslide location.

By prioritizing the information we wanted to obtain (as

described in the previous section), certain questions were

designated as mandatory. Anyone wanting to submit a report

must indicate, at a minimum, the location and time of obser-

vation. Users must also classify the landslide according to

one of eight movement types: fall, flow, topple, rotational

slide, translational slide, spread, avalanche, or unknown

(Varnes 1978; Cruden and Varnes 1996). Diagrams and

pictures are provided to help identify each landslide type.

All remaining questions are optional. The option of declar-

ing movement type as “unknown,” removes any

96 R.L. Baum et al.

http://www.bgs.ac.uk/landslides/reportForm.html
http://iplhq.org/category/iplhq/ipl-ongoing-project/
http://iplhq.org/category/iplhq/ipl-ongoing-project/
http://landslides.usgs.gov/dysi/form.php
http://landslides.usgs.gov/dysi/form.php


impediments to users who either lack the necessary informa-

tion or confidence to classify the movement type.

The damage section of the report presents the user with a

table of asset types (structures, infrastructure, vehicles, etc.)

that can be affected by landslide activity (Table 1). The user

can enter the number of each type damaged or totally

destroyed. The table also contains entries for the number of

people either injured or killed and a field for estimated

monetary value of losses. We anticipate that as damage

data accumulate in the database, rough lower-bound

estimates of monetary losses can be computed by combining

statistical data about replacement value of lost or damaged

assets with totals in the database.

The landslide details section invites the user to answer

questions about the landslide event, setting, prior conditions,

speed, dimensions, and character of the landslide (Tables 2,

3, and 4). Users have the opportunity to provide details about

the landslide event: exact time of occurrence (if known),

how long the movement lasted, and the recurrence rate

(Table 2). Landslide speed estimates may be reported

according to the logarithmic scale proposed by Cruden and

Varnes (1996). Dimensions (length, width and depth) of the

source area and deposit may similarly be reported on a

logarithmic scale (Table 2). We chose logarithmic scales

Table 1 Sample damage report

Type Damaged Destroyed

Cars and trucks 2 2

Railroad cars

Single family houses

Multi-family houses

Non-residential buildings

Street or highway lanes 4

Railway lines 1

Bridges

Pipelines 1

Above-ground utilities

Dams

Forest or grassland acres 2 11

Agricultural land acres

Type Injured Killed

Persons injured or killed 1

Numbers represent reported damages for a hypothetical landslide cross-

ing a major transportation corridor. The questionnaire asks, “Was

anything damaged or destroyed? Report the number in applicable

boxes, with Number Damaged/Number Destroyed. There is no need

to enter zeros”

Table 2 Questions and possible answers about landslide activity,

speed, and dimensions

Questions Answer choices

When did the landslide occur? Date and time

How long was the landslide

moving?

Time in units ranging from

seconds to years.

Recurrence rate Once, Sporadic, Continuous,

Episodic, Other

What word best describes its

sound?

Silent, Popping or cracking,

Rumbling, Unknown, Other—

See Comments

What was its speed? <1 cm/y to >5 m/s

How long was it from top to

bottom?

<30 cm to >3 km

How wide was the source area (i.e.

area where the landslide started)?

<30 cm to >3 km

How deep was the source area (i.e.

area where the landslide started)?

<30 cm to >30 m

How wide was the deposit? <30 cm to >3 km

How deep was the deposit? <30 cm to >30 m

Possible answers are presented in pull-down menus. Calendar and time

tools are used to ensure that date and time information are entered in

correct format (Note: English units are used for speed and dimensions

on the website)

Table 3 Questions and possible answers about landslide materials

Questions Answer choices

What words best describe the

material that moved?

Bedrock, Coarse (Gravel, cobble

and boulder-sized), Fine (Sand, silt

and clay-sized), Mixture of coarse

and fine, Unknown/Other

What words best describe the

consistency of the deposit?

Liquid, Solid-Wet, Solid-Dry,

Rubble, Unknown/Other

Possible answers are presented in pull-down menus

Fig. 1 Example of using the map tool to locate a landslide. The user

can refine the location by clicking and dragging the blue pointer
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for speed and dimensions because such estimates are well

within the capability of most people and do not require the

use of any specialized measuring tools or equipment. Users

with more detailed information can enter those data into the

comment section at the end of the report. Users may also

enter descriptive information about the texture and consis-

tency of the landslide material (Table 3), pre-landslide

conditions (rain, earthquake, etc.), and details about the

disposition of trees on the slide and the topographic setting

of the slide (Table 4). In addition to providing additional

information needed to classify and characterize landslides

reported by the public, checking some of the descriptive and

loss data for internal consistency or consistency with exter-

nal data may help to assess the quality and accuracy of

reports. For example, a reported landslide with a high num-

ber of casualties that cannot be corroborated by subsequent

news media reports would be suspect.

The final section invites the user to leave written

questions or comments along with his or her name and

minimal contact information (telephone or e-mail). Reasons

for requesting the person’s name and contact information are

twofold. First, some users have questions or want contact to

help them identify a local authority that can come and look at

the site. Second, experience with felt earthquake reports has

shown that people tend to report more accurately if their

name is associated with their report.

Acknowledging the User

Many users expect something in exchange for their time and

sharing their information. “Report a landslide”
acknowledges users by displaying a summary of their land-

slide report on the website. A marker appears on the map

showing their landslide location. The marker is linked to an

entry in a summary table on the event page with the landslide

type, date, and location name. The list is also linked to

summary tables of the report details, including photographs

submitted with the landslide report (Fig. 2). To avoid the

possibility of displaying inappropriate content, written user

comments are not displayed, and photographic images and

captions are reviewed by a USGS employee before posting

on the event page (Fig. 2).

Review Process

The “Report a landslide” questionnaire went through several
stages of review before it could be made public. Draft

versions of the questionnaire, map, and report pages (includ-

ing a full working prototype of the website) were reviewed

by colleagues at the USGS and at state geological surveys

and other agencies for technical content and for usability.

Federal officials also reviewed the project to ensure that it

was in compliance with federal laws that govern collection

of data from the public.

Results

The reports we have received have come from a wide range

of locations, 13 states, and two foreign countries. About half

of the reports have contained damage data. Also about 70 %

of reports contained dimensions or other descriptive data.

Nearly all included written comments.

Usage of the “Report a landslide” website to date has

been rather limited. The USGS Office of Communications

has made efforts to promote the site, and a few landslide-

inducing rainstorms have occurred since the site launched in

June 2012. Additionally, widespread regional landslide

events of the type that focus major media and public atten-

tion on landslides have not occurred and we suspect that

efforts to draw attention to the project will progress slowly

until such events occur.

Despite the limited number of reports as of July 2013, the

website provides a consistent platform for reporting

landslides and is capable of providing useful information

for people affected by or interested in landslide events.

Table 4 Questions and possible answers about landslide conditions

Questions Answer choices

What was the general setting?

Please select all that apply

Open slope, side-slope of steep

canyon, Gully or ravine,

Housing development, Mine or

quarry, Canal or waterway,

Forest, Burned hillside, Coastal

or river bluff, Unknown/Other

Was the ground that moved

natural or previously modified

by human activity?

Natural, Cut, Fill, Embankment,

Graded (Cut and fill), Unknown/

Other

Which words best describe the

condition of trees along its path?

Standing upright, Leaning

Uphill, Leaning downhill,

Leaning all directions, Fallen,

No trees, Scar height on trunk,

Mud-coating height on trunk,

Unknown/Other

Which words best describe the

conditions immediately prior?

Average weather, Unusually dry

weather, Unusually wet weather,

Short intense rainfall, Prolonged

moderate rainfall, Snowmelt,

wave erosion, Stream erosion,

construction, Earthquake,

Unknown/other

Possible answers are presented in pull-down menus if a single answer is

desired or as a series of check boxes if multiple answers are acceptable
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Discussion

The “Report a landslide” website provides a convenient

interface for reporting landslides (http://landslides.usgs.

gov/dysi/form.php). The site is designed to make reporting

as rapid and simple as possible so that persons without

specialized training can contribute useful observations. Dur-

ing coming months we plan to experiment with loading

USGS data from historical landslide events into the database

to help the site become a source of useful data in the near

term and thereby encourage more people to contribute. We

are also exploring ways to cooperate with the states on

collecting these data. It is our hope that “Report a landslide”
will serve to increase public awareness of landslides and the

hazards they pose. In the long term we expect that it will

prove to be a useful means of collecting basic data about

landslides as they occur. We would be particularly pleased if

Fig. 2 Sample event page illustrating a user-submitted landslide report. Date shown in the table is the browser’s default value for null; the event
date is unknown more precisely than fall 2011
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the website helps to collect more precise data about when

landslides occur. Such information would be useful in devel-

oping or validating rainfall threshold models.
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Discrete Boundary Shear Strength of a Landslide at
High Rainfall Precipitation Zone in Sri Lanka

A.A. Virajh Dias, S.B.S. Abayakoon, and R.K. Bhandari

Abstract

Boundary shear strength of a landslide is an important parameter for stability evaluation,

prediction and remedial designs. A comprehensive study for the determination of shear

strength parameters within and at close proximity of the shear zone at Watawala Earthslide,

which is located at a high rainfall precipitation zone in Sri Lanka, was carried out. Triaxial tests

were conducted to observe the peak and ultimate relations between the shear stress, s0 and the
effective mean normal stress, t0. Even though there is a considerable scatter of data, the

coefficient of regression is above 0.91 and the linear regression gave effective angle of internal

friction 33.50�–29.82� (peak) and 30.28�–31.12� (ultimate state). The effective cohesion is

5.99–7.72 kPa (peak) and 0.91–13.77 kPa (ultimate). Loss of strength due to extensive

movements is indicated by in-situ Direct Shear Tests results which have an average effective

cohesion, C0, of 2.84–4.74 kPa and effective angle of internal friction, ϕ0, of 11.42�–18.14�. In
addition, the laboratory Ring Shear test results give residual angle of internal friction, ør

0, of
9.48� and effective cohesion, cr

0, of 0.0 kPa. On the other hand, the laboratory values direct

shear tests give residual internal friction angle, ør
0, between 13.06� and 16.43� and effective

cohesion, cr
0, of 0.334 kPa to 3.75 kPa. Thus, strength parameters are highly variable even at

the shear zone, probably reflecting a different history of claymineral weathering and alteration.

Keywords

Watawala Earthslide � Direct shear test � Effective angle of internal friction � Effective
cohesion

Introduction

Most of the Sri Lankan landslides investigated to date are

mainly associated with high intensity rainfall, colluvium

deposits, residual soils and saturated soil-rock composites.

Since, reactivation of repetitive slides is highly dependent on

shear strength at discrete boundaries, study on evaluation of

parameters of such a landslide would amount to understand

the sensitivity of high rainfall. According to the recent case

studies, the Watawala Landslide is one of the premier

examples to demonstrate the importance of evaluation of

discrete boundary shear strength characteristics of soils in

high rainfall precipitation zones in Sri Lanka. It is presently

stabilized by dewatering and was considered as the most

sensitive landslide in the 1990s (Fig. 1).
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Geologically, in Sri Lanka, formation of parent rocks

dates back to Precambrian age of rock history (Cooray

1994). The basement rock is defined as moderately weath-

ered Charnoketic Gneiss underlying various cross bedded

rocks. In most repetitive landslides, slope surface features

are bound by well-defined discrete boundary shears that are

highly distinct and unique in many ways. The landslide

movement at Watawala is somewhat difficult to predict

considering its overall morphology, activation mechanism

and some locations where the subsidence was of a very high

order. Since the movement rates varied a great deal within

the slide mass, up thrust shears bring on message of land-

slide motion and its dynamics.The landslide was 65 m wide

and 530 m long. The depth of slide varies from 9 m to 28 m.

One of the major railway track lines of the country goes

across the slide, almost bisecting it in the longitudinal

direction. The annual average rainfall in Watawala area

generally exceeds 5,000 mm and hence, soil under various

geological conditions, is saturated. The deposits mainly

consist of residual soils and the uppermost layer of the

soil consists of a highly altered soil rock mixture with

a relatively high permeability in comparison with the

underlying soils.

Displacement History

The Watawala Landslide is one of the examples to highlight

the importance of evaluation of in-situ shear strength under

various boundary conditions. A landslide often indicates

very large number of macro and micro features which if

studied in detailed, would enhance our understanding of

initiation, development and growth (Dias 1997). This

means that failure is defined with the contents of slide

initiation, rotation and eventual transforming mechanism

into well-defined cracks oblique to the boundary shears, at

its maturity. The failure boundary and associated slope sur-

face features in its crown, middle and toe regions reflect

displacement history from its fist occurrence and some of

the representative physical features are shown in Figs. 2 and

3. These observations often direct our attention towards the

assessment of shear strength of the discrete boundary, which

is scientifically defined as residual state of soil behaviour.

The soil mass generally contains soils of yellow-brown or

red-brown Clayey Silty Sand or Silty Sand. Moving and

transported soil contains boulder/rock fragments and collu-

vium. Fine particles of weathered mica forms the shining

luster on the intact boundary face as in the photo “a” of

Fig. 3. These observations were made in about 2–3 m deep

open excavation trenches. Observation at boundary explains

its long history of slow moving slide by forming different

state of in-situ shears (Dias 1997).

The observations of movements associated with discrete

boundary surface achieved an accuracy expected for the

overall assessment of slope stability. In this content, four

inclinometers and six piezometers were installed down the

slope near the middle of the slide including two vibrating

wire piezometers for the overall monitoring work. All

inclinometers measured movements across the shear zones

identified at, or close to, the soil overburden/bedrock

surface.

Strength Determination

In-Situ Test Approach

Shear strength of a pre-determined shear plane of a landslide

is an important parameter for the evaluation. An undisturbed

soil sample taken from the shear zone of a landslide always

produce reliable results. In case of Watawala, due to the

extensive system of instrumentation, it was possible to iden-

tify the sliding surface with great accuracy. In this particular

study, the amount of rock fragments present in the samples

generally increased with depth until the basal boundary of

the landslide. Number of 300 mm � 300 mm � 300 mm

block samples were collected across the boundary.

Fig. 1 Case Study—the Watawala Landslide, Sri Lanka. 1992: Tragic

incident due to the Watawala Landslide, 1993: Reactivation with high

intensity of rainfall, 1998–2013: After implementation of permanent

remedial measures

102 A.A.V. Dias et al.



A reliable estimation of shear strength parameters

corresponding to movements of very large order was the

essential requirement for the assessment and design of per-

manent control measures. Therefore an attempt was made

with a large (300 mm high by 300 mm in diameter) cylindri-

cal type in-situ shear box apparatus in order to test the

natural shear strength of discrete surface which was

observed in the field (Fig. 4). The reliability of results was

doubtful initially, because of certain difficulties at its

development stage due to incapability of controlling of the

rate of shearing during the test.

The Watawala Earthside developed into a formidable

repetitive slide over the period of several decades on visually

seen discrete slide boundaries. However, it is worth to note

that once the results are analysed (Table 1) it is seen that in-

situ direct shear tests results at the discrete boundary are

fairly consistent and have an average effective cohesion, C0,
of 2.84–4.74 kPa and effective angle of internal friction, ϕ0,
of 11.42� to 18.10� which are more realistic in comparison

with results of back analysis of stability (Rajaratnam and

Bhandari 1994, Bhandari and Dias 1996) (Fig. 5).

Intensive field and laboratory testing on undisturbed

samples extracted from the shear zones conclusively

established that the residual strength properties obtained on

samples from shear zones were significantly different from

Fig. 2 Closed up pictures (a, b and c) of discrete boundary shears

(Dias 1997) (Note: Shining lustre and high degree of particle orienta-

tion in the direction of sliding shows that the earthslide has already been

subjected to larger displacements)

Fig. 3 Observations on (d, e, f and g) macro featuring discrete bound-

ary shears

Fig. 4 Field direct shear testing equipment and installation work

before testing

Table 1 In-situ direct shear test results (Dias 1997) at the Watawala

Earthslide

Test

condition

Test

depth

Effective

cohesion (kPa)

Effective friction

angle (Deg)

Series 1 1.5–2.0 m 4.4 18.10

Series 2 2.3–2.5 m 4.7 14.42

Series 3 2.3–2.5 m 3.9 11.42

Series 4 2.3–2.5 m 2.9 16.34

Fig. 5 Observation of uniformity of plane of failure (h and i) after the test

(Note: The visual characteristics of slip surface and the past movement

history of landslide provide an ample evidence of residual conditions)
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those obtained by testing soil samples from within the body

of the slide, outside the shear zones.

Laboratory Test Approach

Triaxial shear tests were conducted for number of undis-

turbed soil samples, which were recovered during extensive

drilling operations. There were four number of borehole

locations selected along the centre of the longitudinal axis

of the landslide and samples were taken for the determina-

tion of effective shear strength parameters.

Nine 60 mm diameter tube samples and three 74 mm

diameter tube samples were tested under drained conditions

at the Soil Mechanics Laboratory, University of Peradeniya.

The summary of results giving peak and ultimate strengths

of each layer depths are given in Table 2. The rate of

shearing in these tests was controlled so that at any given

stage of shearing the excess pore pressure at the bottom of

the specimen is limited to within 10 % of the effective cell

pressure. Number of undisturbed soil samples collected and

tested to represent the properties of deposited material

(colluviums) within the sliding mass.

Top layer, 1.20–2.00 m usually contains newly

transported soil subjected to number of repetitive shearing

stages. The ultimate and peak values of s0 and t0 have been

correlated with the liner regression curve to interpret the

effective angle of internal friction and the effective cohe-

sion. The peak and ultimate relations between the shear

stress, t0 and the effective mean normal stress, s0 are also

presented in Fig. 6 (1.2–2.0 m) and Fig. 7 (4.00–4.51 m).

Even though, there is considerable scatter of data the coeffi-

cient of variation is above 0.96 in both cases. The significant

loss of cohesion at ultimate stage is noted with the above

Table 2 Summary of triaxial test data of samples collected from three different samples and depths at site

BH No. Depth (m)

Specific

gravity

Liquid

limit (%)

Plastic

limit (%)

Peak

s0 (kPa)
Peak

t0 (kPa)
Ultimate

s0 (kPa)
Ultimate

t0 (kPa)
Volumetric

behavior

Triaxial test results (1.00–2.00 m depth)

UDS-1 BH 03 1.20–1.90 2.75 73 46.6 113.5 83 64.9 33.4 D

134.1 80.1 107.9 54.2 MD

173.3 85.1 173.3 85.1 C

290.2 171.7 265.2 146.7 C

UDS-1 BH 04 1.20–2.00 2.65 50 29.5 95.2 67.7 95.2 67.7 C

136.5 86.5 136.5 86.5 C

226.9 141.7 226.9 141.7 C

333.1 214.6 333.1 214.6 C

UDS-1 BHA1 1.29–1.89 2.57 34.5 25.5 86.8 50.8 117 64 D

114.3 83.3 161.7 108.7 D

136 91 200.1 127.1 D

Triaxial test results (4.00–5.00 m depth)

UDS-2 BH3 4.00–4.65 2.64 38.8 28.3 152.5 123.5 147.7 118.7 MD

141.2 87.7 129.8 76.3 MD

225.0 136.8 201.3 113.1 MD

301.5 184.5 285.8 167.8 C

UDS-1 BH 01 4.72–5.09 2.66 56.7 35.1 113.1 91.1 76.4 54.4 D

201.4 131.4 182.6 112.6 MD

352.7 230.7 304.6 182.6 D

UDS-2 BH4 4.5–4.85 2.75 47.1 31.0 75.6 45.6 75.6 45.6 C

134.3 79.3 134.3 79.3 C

334.9 216.4 312.0 193.5 C

UDS-2 BHA1 4.50–5.10 2.82 73.5 44.9 160.5 97.5 173.7 84.7 D

109.5 74.5 133.5 76.5 D

Triaxial test results (8.53–9.73 m depth)

UDS-2 BH1 9.28–9.73 2.76 57.0 31.3 100.9 70.9 69.1 39.1 D

142.3 87.3 77.2 22.2 D

227.5 139.5 164.2 76.2 D

312.4 194.4 233.1 115.1 MD

UDS-3 BHA1 8.53–9.13 2.58 50.8 31.9 167.4 117.4 267.3 166.3 D

173.2 90.2 221.2 111.6 D

226.4 120.4 296.8 149.8 D
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results. In addition, the volumetric behaviour of samples was

calculated and those are varied from compressive (C) to

mildly dilative (MD) dilative (D) as shown in the Table 2.

The third group of samples represented the soil depth at

8.53–9.73 m as shown in the Table 3.

Laboratory Direct Shear and Ring Shear Test on
Discrete Boundary Samples

For the determination of saturated, effective shear strength

of discrete boundary samples, the standard drained Direct

Shear Apparatus and the Ring Shear Apparatus at the

Department of Civil Engineering, University of Warwick

have been used. (Report, Dias and Petley 1993) The labora-

tory direct shear results (residual) have a wide range of

values as shown in Fig. 8. Results of ring shear tests (resid-

ual) are presented in Fig. 9. It is to be noted that compared to

the triaxial test, main advantage is small sample size and

facility to orient the pre-determined plane exactly with the

plane of failure during installation. There were two series of

samples selected for the interpretation of residual shear

strength. The average residual strength parameters were

y = 0.5955x + 5.4384
R² = 0.9582

y = 0.6344x - 5.823
R² = 0.9563
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Table 3 Effective shear strength parameters at the depth of

4.0–4.51 m

Test

condition

Effective

cohesion

(kPa)

Effective

friction angle

(deg)

R squared value

(liner regression)

Peak 13.9 30.32 0.942

Ultimate 6.78 29.82 0.917

y = 0.2323x - 0.334
R² = 0.9794

y = 0.2954x - 0.7034
R² = 0.9836

y = 0.264x
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cr
0 ¼ 0.0 kPa, ør

0 ¼ 14.8� and these values are closer in-situ
direct shear results as given in Fig. 8.

The residual value interpreted from the Ring Shear Test

of ør
0 ¼ 9.6� at this site is much lower than the residual

direct shear strength parameter of ør
0 ¼ 14.8� measured at

the laboratory or 11.42�, 14.42�, 16.34� and 18.10�

measured at in-situ test within the same geologic formation.

Therefore, the residual strength parameters for the discrete

boundary shear formation are variable, probably reflecting a

different history of clay mineral weathering and alteration. It

transpire that shear strength parameters found by testing

samples containing actual slip surface provided shear

strength values most appropriate for use in stability analysis

of a repetitive landslides.

Conclusions

It is essential that the soil samples for obtaining shear

strength characteristics and residual shear strength for

stability analysis of a landslide are taken from the shear

zone of the landslide and not from the general overbur-

den. The shear zone can be reached for soil sampling by

open excavations at boundaries or located through

inclinometers observations in active landslides. Triaxial

shear test on sliding mass interpreted in terms of effective

stress indicated variations of effective angle of internal

friction and loss of cohesion due to large displacements

on the boundary shears. It was possible to explain the

kinetics of the repetitive Watawala earthslide based on

such testing. Residual strength parameters did cover a

wide range of values within the same geologic formation,

probably reflecting the degree of weathering and alter-

ation of the clay minerals within the shear zone.

It is important to conclude that reliable assessment of

the stability or otherwise of a natural slide, is possible

only by scientific elucidation of its mechanism in terms of

failure geometry, depth of basal boundary, piezometric

pressures and the reliability of the shear strength

parameters. The Watawala Earthslide provides a valued

example of shear strength characteristics of a high rainfall

precipitation zone in Sri Lanka.
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Glacial Lake Outburst Floods (GLOFs) Database
Project

Adam Emmer, Vı́t Vilı́mek, and Jan Klimeš

Abstract

Due to global climate change and ongoing deglaciation, research on Glacial Lake Outburst

Floods (GLOFs) is of great importance. The idea of a glacial lake outburst floods database

project arose from our effort to identify regional specifics of these events in our region of

research interest—the highest Peruvian mountain range, Cordillera Blanca. The project is

designed under the International Programme on Landslides (IPL) for 3 years (2013–2015)

and then we suppose it will be continued. The main goal of this project is the creation of a

widely available online database of GLOFs that have occurred worldwide since the end of

the “Little Ice Age”. An important step will be the initiation of international cooperation

between individual scientific departments. We would like to complete and share informa-

tion about each event, such as probable cause, flood volume, and socioeconomic impacts

downstream. Our preliminary results showed important regional differences in the repre-

sentation and proportion of various causes in different high mountainous regions world-

wide. The most frequent causes are various types of dynamic slope movements into lakes

(icefalls, rockfalls or other landslides). This cause is dominant in all of the studied regions.

On the other hand, some causes are regionally specific—e.g., dam failure following a large

earthquake was recorded in only one region, the Cordillera Blanca. Taking these

differences into account is a crucial step in creating an optimal regionally focused method

of GLOF hazard assessment.

Keywords

Outburst flood � GLOF � Database � IPL Project � International cooperation

Introduction

The phenomenon of glacial lake outburst floods (GLOFs) is

highly important in this period of global climate change,

which especially affects glacierized areas, and the effects

of GLOFs represent a significant threat for an increasing

number of inhabitants (see example in Fig. 1).

Glacier retreat in the majority of high mountains world-

wide has led to the formation and evolution of all types of

new, potentially hazardous glacial lakes (moraine-dammed,

bedrock-dammed or ice-dammed lakes). These young gla-

cial lakes are generally susceptible to dam failure or over-

flow—in other words they are prone to produce glacial lake

outburst floods (Costa and Schuster 1988). The question of
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GLOF occurrence from specific lakes is a highly complex

one and is interconnected with different types of natural

hazards (especially with various types of slope movements,

strong earthquakes and intense rainfalls; Clague and Evans

2000).

The increasing number of reported GLOFs comes hand-

in-hand with the rising number of glacial lakes formed

through deglaciation (e.g., Yamada 1998; Reynolds 2003;

Emmer and Cochachin 2013).

Detailed knowledge about each event and also complex

knowledge about GLOFs in a regional and wider context is

an important precondition for reliable hazard assessment and

effective hazard and vulnerability mitigation in the frame-

work of GLOF risk management. The collection and provi-

sion of complex knowledge about regional specifics and

patterns that is usable in hazard assessment is one of the

main reasons why the project “Glacial lake outburst floods

(GLOFs) database” was established under the International

Programme on Landslides (IPL) in 2013. The GLOFs data-

base is widely available online at http://www.glofs-database.

com. With our collaborating partners from different research

departments worldwide, we collected information about

more than five hundred GLOFs that have occurred since

the end of the last significant glacier advance (Little Ice

Age).

Data and Methodology

The database of glacial lake outburst floods is based mainly

on three important data sources: (1) published reports, sci-

entific papers and monographs; (2) unpublished research

reports from archives and libraries; and (3) communication

with a variety of national agencies, services, authorities and

scientific departments worldwide. The GLOFs database is

focused only on the events which occurred since the end of

Little Ice Age (large paleo-floods are excluded) and includes

three groups of characteristics for each event—information

about the lake (lake type, coordinates, location), information

about the flood (probable trigger, flood volume, debris-flow

occurrence), and information about socio-economic impacts

(fatalities or missing people, affected sectors). The database

also includes “additional info” for unclassifiable data.

Project Background

Previous Studies

Catastrophic glacial lake outburst floods have been reported

in glacierized mountainous areas all over the world. Proba-

bly the most complex overview of GLOFs was gathered in

the Magister thesis of S. Würmli from the University of

Zürich, which summarized about 500 GLOFs worldwide

(the majority of them from ice-dammed lakes; Würmli

2012). However, these data have yet to be published.

Another overview of more than 130 GLOFs from moraine-

dammed lakes, together with their basic characteristics, was

provide in the Bachelor’s thesis of Emmer (2011) from

Charles University in Prague. Also O’Connor et al. (2001)

published a comprehensive list of GLOFs from moraine-

dammed lakes. This report summarised and gave informa-

tion on more than 80 events worldwide, with additional

information in some cases, such as change in lake level,

discharged volume and maximum (peak) discharge. Another

regional overview of GLOFs, e.g., from Central Asia, was

presented by Yamada (1998), and later by Ives et al. (2010),

from Cordillera Blanca in Peru by Lliboutry et al. (1977) and

later by Zapata (2002), and from British Columbia in Canada

by Clague and Evans (2000). Regional databases, such as the

Swiss database of alpine glacier hazards (http://www.

glacierhazards.ch), European Glaciorisk Project (http://

glaciorisk.grenoble.cemagref.fr), or the inventory system of

the effects of disasters (http://desinventar.com), also play an

important role.

Our field experiences and data analysis with GLOFs are

based especially on research in the most heavily glacierized

tropical range in the world—the Cordillera Blanca in Peru.

Our initial studies were focused on various types of natural

hazards, especially on slope movements (e.g., Vilı́mek et al.

2000; Klimeš et al. 2009) and neotectonics (e.g., Vilı́mek

and Zapata 1998). Our later and present work deals also with

GLOFs (Vilı́mek et al. 2005; Emmer and Vilı́mek 2013).

Reasons and Objectives

We had several reasons for initiating the GLOFs database

project. Firstly, even if GLOFs are studied in various regions

Fig. 1 Example of a failed moraine dam at Lake Milluacocha (Cordil-

lera Blanca, Peru). An outburst flood following dam failure occurred on

6th November 1952 and fortunately caused only minor damage in a

valley
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worldwide, so far no overall broadly available summary of

these events has been made (with the exception of the

Magister thesis of Würmli (2012)). Comprehensive analysis

of such an available database will bring new and also more

reliable information useful for hazard assessment, vulnera-

bility mitigation and risk analysis. Secondly, database prep-

aration encourages international cooperation between

various scientific departments, possibly producing highly

valuable scientific results (see the section on International

cooperation). Lastly, there is a virtual space for sharing

GLOF “news”, not only with the scientific community but

also with a broader group of the interested public.

Current State

Project Foundation

The project entitled “Glacial lake outburst floods (GLOFs)

database” was approved at the Board of Representatives of

ICL (International Consortium on Landslides) in Paris 2012

and officially started in 2013. The project is carried out

under the International Programme on Landslides (IPL) as

IPL Project No. 179 (for detailed info please visit IPL

webpage about the ongoing projects: http://iplhq.org/cate

gory/iplhq/ipl-ongoing-project/). This project is officially

led by Adam Emmer (Project leader) and Vı́t Vilı́mek

(Core member of the project) from Charles University in

Prague (Czech Republic) and is designed for the period

2013–2015, where each year of the project has its own

defined objectives (Vilı́mek et al. 2013). After 2015 we

suppose its long-term continuation as a part of multilateral

departmental cooperation.

International Cooperation

The creation of the GLOFs database project enabled the

establishment of international cooperation between scien-

tific departments worldwide. It can also be considered as

an unofficial platform for information and data exchange

which will stress the importance of this scientific topic

with regard to ongoing climate change. Since the official

introduction of the database project at Foro Internacional

Glaciares: Retos de la investigaciónal servicio de la
sociedad en el marcodel cambio climático, which took

place in Huaráz (Peru) between 1st and 3rd July 2013,

seven scientific departments from three continents (South

America, North America and Europe) have agreed to take

part in the project (Table 1). At present, the GLOFs database

project is still in the initial stages and is open for new

partnerships, especially from regions yet to be represented

such as Central Asia, Scandinavia or the New Zealand

Southern Alps. Bilateral or multilateral teams could be cre-

ated and sharing experiences from field work in various

regions would increase the efficiency of the ongoing

research.

Database Webpage

The GLOFs database website http://www.glofs-database.org

was established in 2013 as one of the main outputs of the first

year of the project. The main content is concentrated in the

“database” section. This section outlines all of the GLOFs,

which may be classified according to the location, (various

mountain ranges worldwide), lake type (moraine-dammed,

ice-dammed or bedrock-dammed) or probable trigger (ice-

fall/snow avalanche, rockfall/landslide, earthquake, intense

rainfall, flood wave from a lake situated upstream, buried ice

melting, blocking of underground outflow channel(s), dam

self-destruction, unknown trigger). Filtered results may be

sorted alphabetically or chronologically, by probable trigger,

lake type or location.

Future Perspectives

Filling of the Database

The main objective for the next year of the project is to enter

the collected data into the database website. This activity is

very time consuming (officially it was planned to take place

during the second year of the project, 2014). All of the

Table 1 Research institutions and their representatives cooperating on the GLOFs database project (in addition to Charles University in Prague;

Czech Republic) by September 2013

Scientific department Location Representatives

University of Zürich, Department of Geography Zürich, Switzerland Ch. Huggel; Y. Schaub; S. Würmli

BOKU University of Natural Resources and Life Sciences Vienna, Austria M. Mergili

Institute of Rock Structure and Mechanics Prague, Czech Republic J. Klimeš

Authoridad Nacional del Agua Huaráz, Peru A. Cochachin; M.L. Zapata

Instituto Boliviano de la Montaña La Paz, Bolivia D. Hoffmann

University of Oregon Eugene, USA M. Carey

University of Texas Austin, USA R. Chisolm; M. Somos
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summarised data need to be systematically checked, col-

lected from various data sources and, if possible, compared.

The next step then is to fill in the standard form, including

the above-mentioned three groups of characteristics

(characteristics related to the lake, characteristics related to

the flood, characteristics related to the socioeconomic

impacts and additional information). The last step is to

upload the data to the database website and ensure the proper

citation of all data sources used.

Data Analysis

The GLOFs database is expected to provide data and infor-

mation utilizable for various purposes, starting with the

analysis of GLOF causes in different regions and ending

with flood modelling, hazard assessment or risk manage-

ment. All of the presented data are widely available for

public use. With respect to the structure of the data gathered

in the GLOFs database, we expect several possibilities for

future application.

Regional differences of GLOF characteristics have

already been mentioned in our recent publications (e.g.,

Emmer and Cochachin 2013; Vilı́mek et al. 2013). In this

work, we analysed the representation of various causes and

temporal aspect of GLOFs from moraine-dammed lakes in

three regions—Cordillera Blanca of Peru, the North Ameri-

can Cordillera and Central Asia. Our investigation showed

that the most frequent cause (from the cases with known

probable cause) in all of the studied regions was ice/snow

avalanches into the lake producing a displacement wave,

nevertheless representation of other causes is regionally

specific. In Central Asia the cause of ice/snow avalanche is

followed by dam self-destruction (dam failure without any

evident dynamic trigger). In the North American Cordillera

the cause that is significantly represented is heavy rainfalls

and in Cordillera Blanca rockfalls or landslides into the lake

and earthquakes. Temporal analysis showed that most of the

GLOFs in the North American Cordillera and Central Asia

occurred almost exclusively in the summer, while in the

Cordillera Blanca GLOFs occurred year-round, with the

wet season dominating. These conclusions were subse-

quently used in the analysis of the suitability of various

GLOF hazard assessment methods for use on the regional

scale of the Cordillera Blanca mountain range (Emmer and

Vilı́mek 2013).

Conclusions

The GLOFs database was created in early 2013 under the

International Programme on Landslides (IPL Project No.

179) and its first official international presentation took

place during the international conference in Peru (begin-

ning of July 2013) focused on the influence of climate

change on all aspects of mountain glaciation of the Andes

(Foro Internacional Glaciares: Retos de la

investigaciónal servicio de la sociedad en el marcodel
cambio climático). The inclusion of the research on

GLOFs into the International Programme on Landslides

reflects the fact that glacial lake outburst floods are often

closely connected with various types of slope

movements; either from the point of view of the trigger

(e.g., icefalls, rockfalls, landslides) or due the fact that the

flood usually converts quickly into debris flows. Cur-

rently, seven scientific institutions from three continents

(South America, North America and Europe) have agreed

to take part in the project. The data will be gathered both

from published and unpublished reports and will be avail-

able for public use. All of the original sources are cited.

Such a worldwide database enables the scientific commu-

nity to solve specific tasks resulting from the complexity

of GLOFs, and regional specifics can also be established.

It is generally agreed that the sensitivity of high mountain

environments reflects climate change, and glacial retreat

in glaciated areas worldwide brings several scientific

tasks connected with the destabilization of slopes, perma-

frost degradation and enhanced natural hazards. The

newly established platform on GLOFs may help to

strengthen international cooperation and data utilization.
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Towards Landslide Instrumentation and Monitoring
in Teziutlán, Puebla, Mexico

Ricardo Garnica-Peña, Leobardo Domı́nguez-Morales,
and Irasema Alcántara-Ayala

Abstract

Early warning systems have become very important for disaster risk reduction, and in

different parts of the world landslide monitoring has contributed to disaster prevention in

the last few years. In Mexico, there are two major institutions in charge of landslide

monitoring: the National Centre for Disaster Prevention (CENAPRED) and the National

Autonomous University of Mexico (UNAM). Based on the expertise of both institutions,

slope instrumentation and monitoring has been set up in the municipality of Teziutlán,

Puebla, Mexico. The municipality of Teziutlán has been severely affected by landslides for

more than five decades. Special attention has been given to this type of hazard after an event

in 1999. Extreme precipitation triggered hundreds of landslides in the region and more

than a hundred people died in a single event. Lithologic units of the area comprise non-

consolidated volcanic deposits, which are highly susceptible to landslides during the rainy

season. The final aim of this research is the implementation of a community-based early

warning system, in which the participation of the local population will be essential. In this

paper, we introduce the design, instrumentation and monitoring system developed for an

unstable slope situated in one of the most affected areas of Teziutlán.

Keywords

Community-based early warning system � Landslide � Monitoring � Instrumentation

Introduction

Disasters associated with landslides have caused severe

damage in Mexico. They have taken place particularly in

states such as Puebla, Chiapas, Guerrero and Oaxaca, which

are also characterized by a high degree of marginalization of

the population living in mountainous areas. These events

have been specially analyzed for the Sierra Norte de Puebla

for various disciplines, both physical and human (Alcántara

2004; Lugo et al. 2005; Alcántara et al. 2006; Capra et al.

2007).

The present study is focused on the early stages of a

project involving instrumentation, monitoring and early

warning. The research was conducted in the city of

Teziutlán, state of Puebla, which was affected in 1999 by a

series of landslides causing more than a hundred casualties.

This project has involved several steps, including site selec-

tion, instrumentation, and real-time monitoring controlled

by the Institute of Geography of the National Autonomous

University of Mexico (UNAM). This article is a brief

description of the development of each stage and the prelim-

inary results of hillslope monitoring.
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Study Area

Teziutlán City is situated in the northern sector of the state

of Puebla called Sierra Norte de Puebla (Fig. 1), a moun-

tain range composed of Cretaceous rocks and deposits

derived from the volcanic activity of the Caldera de los

Humeros. A significant part of the city of Teziutlán was

built over a large amount of pyroclastic material. These

materials are very susceptible to landsliding triggered by

rainfall. As such, during the rainy season, particularly in

the months of September and October, mass movement

processes commonly take place, as witnessed in 1999,

2005 and 2013.

This city has had very substantial urban growth from the

1950s, a product of the mining industry that attracted the

nearby population. This has involved the occupation of

unstable slopes by the population. In October 1999 a land-

slide swept away several homes in the La Aurora neighbor-

hood, which is situated in the SE of the city. Not

surprisingly, many of the new settlements developed on

volcanic pyroclastic deposits are susceptible to instability

(Fig. 2).

The site chosen for this research study is in the north of

the city, the San Andres borough, composed of approxi-

mately 40 homes. This settlement was established on a

hillside on which a slide took place in 2003, 2 years before

the construction of the housing development (Fig. 3).

Site Location, Instrumentation and Monitoring

Site Definition

To select the monitoring site it was necessary to assess the

hillslopes around the town, aided by the civil protection

authorities who knew those places that have had problems

due to the instability of the slopes. Afterwards, it was

decided to carry out the project implementation and moni-

toring in the San Andres borough because of the benefits

provided by telecommunications, as well as their location

and unstable slopes.

Once the site was selected, several tests and a detailed

topographic survey of the study area were carried out

(Fig. 4). One set of tests was to determine the resistance of

the hillslope-forming materials, and therefore it was also

possible to establish the depth of a possible sliding surface.

These tests showed that the failure surface is located close to

a 6 m depth (Fig. 5).
Fig. 1 Location of the landslide monitoring site, San Andrés borough,

Teziutlán, Puebla

Fig. 2 Settlements on steep slopes and unstable susceptible volcanic

soils

Fig. 3 Slope monitoring site, San Andrés borough
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Instrumentation

Implementation beganwith the calibration of different equip-

ment to be installed: piezometers (Fig. 6), tensiometers, a

weather station and an extensometer. This was carried out in

the facilities of the National Center for Disaster Prevention,

with the support of its research staff. Once the calibration was

carried out, installation of equipment took place at the

selected site. This process took place over a period of about

6 months (Fig. 7); the equipment was installed at different

depths based on the data obtained from the dynamic pene-

trometer (Fig. 8).

The establishment of the monitoring booth was

completed with the support of the municipal authorities.

The next step was the installation of a weather station by

personnel of the Centre for Atmospheric Sciences of

UNAM (Fig. 9). It was also necessary to establish telecom-

munication networks in order to transfer the data from the

field to the National Center for Disaster Prevention and to

the University facilities. For this purpose it was possible to

get support from the Center for Public Safety of the State

of Puebla, located in the city of Teziutlán. This network

center virtually runs 365 days a year without connectivity

problems. In this way information is received from both the

Fig. 4 Topographic survey on the San Andrés’s slope

Fig. 5 Using a penetrometer to determine the depth of the possible

failure

Fig. 6 Piezometer installed on the slope. A 60 m wire connects the

piezometers to the automated-registry system

Fig. 7 Installation of the equipment

Towards Landslide Instrumentation and Monitoring in Teziutlán, Puebla, Mexico 115



weather station as well as the instrumentation set up in the

slope (Figs. 10 and 11).

Results and Conclusions

So far the station has been running for just over a year, so

analysis of data results is thus still under way. Some of the

problems faced so far have been linked to the registration of

the information due to connectivity problems. The Public

Safety Center of Teziutlán city, on which the instrumenta-

tion booth is dependent, sometimes has telecommunications

network problems which interfere with the recording of data.

The final goal of the instrumentation and monitoring is to

create an early warning system that would have the support

and participation of the population. The system needs to be

integrated into the local strategies for disaster risk reduction

based on the engagement of people as main actors of the

process.

It is important therefore to continue supporting these

kinds of projects in Mexico. Recent landslide disasters trig-

gered by rainfall from hurricanes Ingrid and Manuel in

September 2013 have proved the urgency of instrumentation

and monitoring of unstable slopes, as well as the develop-

ment of hazard and risk maps useful to both authorities and

communities.
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Synoptic Pan-European Landslide Susceptibility
Assessment: The ELSUS 1000 v1 Map

Andreas Günther, Javier Hervás, Miet Van Den Eeckhaut, Jean-Philippe
Malet, and Paola Reichenbach

Abstract

In order to identify areas in Europe susceptible to landslides in the context of the EU Soil

Thematic Strategy and the associated Proposal for a Soil Framework Directive, a

harmonised approach encompassing geographically-nested susceptibility assessments

(“Tiers”) and, where possible, the use of comparable datasets as input criteria for suscepti-

bility modelling was devised. The first version of the 1 km grid size European Landslide

Susceptibility Map (ELSUS 1000 v1), covering the EU and neighbouring countries, is

derived from “Tier 1” assessment. The mapping approach employed includes first a

climate-physiographic regionalisation of the study area. For each region, a spatial multi-

criteria evaluation model is established to evaluate landslide susceptibility using commonly

available pan-European datasets on slope angle, lithology and land cover, which are

considered as the main conditioning factors for all types of landslides at this scale. Factor

weights are assigned through pairwise comparisons using analytical hierarchy processes for

each region, while region-specific factor class weights are initially established by comput-

ing landslide frequency ratios using more than 102,000 landslide locations across Europe.

For each model region, a pixel-based susceptibility index is calculated by linear summation

of conditioning factor weights and factor class weights. Each index map is then evaluated

and classified into five susceptibility levels using true positive ratio breaks derived from

receiver operating characteristics curves obtained with the landslide inventory. Finally, the

region-specific classified susceptibility maps are spatially combined into the synoptic
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ELSUS 1000 v1 map. The map is available from the European Soil Data Centre (ESDAC),

hosted by the Joint Research Centre, together with ancillary datasets, including a reliability

evaluation of the susceptibility map. Further work is in progress to improve the accuracy of

the map, mainly by integrating into the assessment a new pan-European lithological dataset

and further landslide locations for areas not represented in the current inventory.

Keywords

Landslides � Soil thematic strategy � Landslide susceptibility assessment � ELSUS

1000 � Europe

Introduction

Small-scale, harmonised assessment of landslide suscepti-

bility over the territory covered by EU member states and

adjacent countries is needed to identify areas at risk of

landslides, as required by the UE Thematic Strategy for

Soil Protection (EC 2006a) and the associated proposal for

a Soil Framework Directive (EC 2006b).

Following recommendations by the European Soil

Bureau Network for common criteria to evaluate soil threats,

including landslides, and geographically-nested (“Tier”-
based) approaches (Eckelmann et al. 2006), the European

Landslide Expert Group promoted by the Joint Research

Centre (JRC Ispra) proposed specifications for landslide

susceptibility zoning, including pan-European thematic

datasets and common approaches for the various “Tiers”
(Hervás et al. 2007). Specific datasets for landslide condi-

tioning factors and approaches for susceptibility assessment

for “Tier 1” (continental- or nation-wide, heuristic) and

“Tier 2” (nation-wide, statistical) were further presented by

Günther et al. (2008, 2013a) and Hervás et al. (2010).

In this work, we outline the “Tier 1” spatial multi-criteria

evaluation approach used to produce the first version of the

European Landslide Susceptibility Map (ELSUS 1000 v1).

Unlike other approaches for landslide susceptibility

mapping at a European scale (e.g. Van Den Eeckhaut et al.

2012; Jaedicke et al. 2013) or global scale (e.g. Nadim et al.

2006; Hong et al. 2007), our method includes a prior subdi-

vision of the study area into climate-physiographic

modelling regions and accounts for a large number of land-

slide locations for susceptibility modelling and evaluation of

the resulting map.

Materials and Methods

Regionalisation of the Study Area

The European Landslide Susceptibility Map ELSUS 1000 v1

is prepared by first differentiating the study area (27 EU

member states and neighbouring countries) into seven

climate-physiographic model zones (0 to 6) by combining

climate regions according to the Köppen-Geiger classification

(Peel et al. 2007) and physiographic regions (mountain/plain)

based on Nordregio (2004), and adding a 1 km-wide zone

inland from coastlines to account for specific conditions for

coastal landslides (Günther et al. 2014, Fig. 1).

Susceptibility Criteria

Three main geo-environmental criteria (landslide condition-

ing factors) derived from common pan-European datasets

were selected for susceptibility evaluation, as specified for a

“Tier 1” assessment (Hervás et al. 2007, 2010; Günther et al.

2008, 2013a, b, 2014; Malet et al. 2013, 2014). They include

terrain gradient (slope angle) from the EU27 DEM (Reuter

2009), shallow subsurface lithology from the Soil Geograph-

ical Database of Europe 1:1 M (Panagos et al. 2012), and

land cover from the ESA’s GlobCover (http://ionia1.esrin.

esa.int). These criteria are chosen because they reflect basic

terrain conditions related to susceptibility to all kinds of

landslides. The three criteria are classified and further

aggregated (Table 1) using information on the distribution

of more than 102,000 landslides provided by national or

regional mapping agencies or collected by the Joint

Research Centre (JRC) and Federal Institute of Geosciences

and Natural Resources (BGR).

Spatial Multi-criteria Evaluation

The susceptibility analysis is carried out individually for

each model zone using a 1 km � 1 km pixel as the terrain

unit at a scale of 1:1 Million.

Since the collected landslide inventory must be consid-

ered incomplete and heterogeneous throughout the model

zones, quantitative data-driven (statistical) susceptibility

modelling techniques are difficult to apply. A semi-

quantitative, index-based heuristic assessment scheme is

thus employed, consisting of a spatial multi-criteria evalua-

tion technique. In this evaluation technique, first the weights
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of the hierarchically ordered criteria, or parameters (in the

succession slope angle, lithology, and land cover) are

assigned through pairwise comparisons using analytical

hierarchical processes (Saaty 1980). For the three different

physiographic settings (i.e. “coastal areas” 0, “plains” 1-4,

and “mountains” 5-6), different pairwise comparisons are

established, resulting in different criteria weights (Table 1).

For the “coastal areas”, the land cover criterion is discarded,
since no evidence was found that it exerts a significant

control on landslide susceptibility at the given analysis

scale and terrain unit size. It should also be noted in this

context that ELSUS 1000 v1 has great limitations for correct

assignment of coastal landslide susceptibility because the

criteria datasets used have mismatching coastlines.

The second step in the applied spatial multi-criteria eval-

uation is the assignment of parameter class weights, which

are allocated directly. For this, landslide frequency ratios

(FR) of the criteria classes are computed for each model

region using:

FR ¼ LSji=LS

Aji=A
ð1Þ

where LSji is the number of pixels affected by landslides in

class i of criterion (parameter) j, LS is the total number of

pixels affected by landslides, Aji is the number of pixels of

class i of criterion j, and A is the total number of pixels of a

model zone. The normalized frequency ratio values serve as

the initial starting points for the assignment of parameter

class weights. They are further modified by expert knowl-

edge to obtain the final parameter class weights listed in

Table 1, considering regional and class-specific bias in the

landslide inventory, and the regional quality of the criteria

data (especially related to lithology).

The pixel-specific landslide susceptibility index (LSI) is

then determined by a weighted linear summation of the

criteria- and criteria-class weights (Voogd 1983) with

LSI ¼
Xn¼3

j¼1

wj � xji ð2Þ

where wj is the weight of criterion j and xji is the weight of
class i in criterion j.

Landslide Susceptibility Classification and
Evaluation

The zone-specific continuous pixel landslide susceptibility

index values are classified into susceptibility levels using

true positive ratio breaks deduced from analysis of receiver

operating characteristics (ROC) curves obtained with the

landslide inventory (Günther et al. 2014). For this instance,

four susceptibility levels (“high”, “moderate”, low”, and

“very low”) are used for the “plain” model zones (1-4) to

respect the overall lower landslide intensity when compared

to “mountains” and “coasts” (5-6, 0), where five levels

(“very high”, “high”, “moderate”, “low”, and “very low”)
are used. The four susceptibility classes in the “plain”model

zones (from “high” to “very low”) are defined by occupancy

of 50 %, 25 %, 15 %, and 10 % of the landslide-affected

pixels in each zone; the five levels in “mountains” and

“coasts” (from “very high” to “very low”) render 50 %,

25 %, 15 %, 7 %, and 3 % of the landslide-affected pixels,

respectively.

The compound classified ELSUS 1000 v1 map (Fig. 2) is

derived by spatial merging of the zone-specific classified

susceptibility maps. The five susceptibility levels of the

map (“very high”, “high”, “moderate”, “low”, and “very
low”) occupy 6 %, 12 %, 13 %, 17 %, and 53 % of the

analysed area and contain 20 %, 30 %, 22 %, 15 %, and 13 %

of the landslide-affected terrain elements, respectively.

Fig. 1 Climate-physiographic regions used for separate landslide sus-

ceptibility modelling (from Günther et al. 2014)
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ELSUS 1000 v1 is evaluated on an administrative terrain

unit level basis (Eurostat NUTS 3 regions). The resulting

confidence level map (Fig. 3) provides reliability informa-

tion on NUTS 3 units where sufficient landslide information

is available to rank ELSUS 1000 v1 as having “good”,
“moderate” or “poor” confidence. 38 % of the area covered

by the map cannot be evaluated in this respect due to missing

landslide information.

Accessibility to ELSUS 1000 v1

The map, accompanied by explanatory metadata, can be

downloaded in raster (ESRI GRID) format from the Euro-

pean Soil Data Centre (ESDAC, Panagos et al. 2012)

through the European Soil Portal (http://eusoils.jrc.ec.

europa.eu/library/themes/Landslides/#ELSUS).

Additional downloadable datasets include the confidence

level map of ELSUS 1000 v1, a NUTS 3-aggregated map of

ELSUS, which was used by ESPON to outline NUTS 3 units

with landslide hazard (ESPON 2013), and the climate-

physiographic regions, classified slope angle, soil parent

material (lithology proxy) and land cover datasets used for

landslide susceptibility modelling.

Conclusions

The method used to identify landslide priority areas in

Europe for EU soil protection policies can be considered

more robust than previously developed approaches,

mainly because it uses distributed landslide data and

different susceptibility weights can be estimated using

spatial multi-criteria evaluation for the same criteria clas-

ses depending on their climate-physiographic setting

(Günther et al. 2014).

Table 1 Criteria class weights and analytical hierarchical processes-derived criteria weights (in brackets) used for susceptibility analysis for the

seven climate-physiographic zones (Z0–Z6)

Slope angle (�) Z0 (0.75) Z1 (0.64) Z2 (0.64) Z3 (0.64) Z4 (0.64) Z5 (0.58) Z6 (0.58)

0 0.030 0.049 0.021 0.006 0.012 0.081 0.089

1–3 0.049 0.050 0.057 0.028 0.023 0.095 0.101

4–6 0.085 0.095 0.117 0.078 0.055 0.108 0.101

7–10 0.110 0.140 0.154 0.119 0.075 0.122 0.102

11–15 0.121 0.151 0.163 0.160 0.195 0.128 0.116

16–20 0.153 0.189 0.174 0.188 0.202 0.135 0.140

21–30 0.217 0.169 0.158 0.217 0.236 0.155 0.161

31–90 0.237 0.156 0.154 0.204 0.202 0.176 0.189

Lithology Z0 (0.25) Z1 (0.26) Z2 (0.26) Z3 (0.26) Z4 (0.26) Z5 (0.28) Z6 (0.28)

Alluvium/Colluvium 0.140 0.115 0.066 0.044 0.342 0.066 0.100

Glaciofluvial materials 0.106 0.104 0.127 0.031 0.158 0.118 0.055

Calcareous rocks 0.058 0.093 0.057 0.100 0.085 0.115

Marls 0.009 0.022 0.137 0.127 0.047 0.160

Clayey materials 0.170 0.120 0.137 0.055 0.092 0.114 0.085

Sandy materials 0.085 0.091 0.046 0.012 0.197 0.095 0.165

Sandstone/Flysch/

Molasse

0.063 0.109 0.153 0.064 0.066 0.114 0.070

Loamy/Silty materials 0.182 0.104 0.040 0.075 0.026 0.015

Detrital formations 0.009 0.005 0.014 0.111 0.039

Crystalline rocks 0.053 0.010 0.051 0.080 0.071 0.070

Schists 0.087 0.005 0.023 0.177 0.060 0.150

Volcanic rocks 0.037 0.219 0.082 0.118 0.000 0.118 0.010

Other/Organic 0.002 0.002 0.066 0.005 0.145 0.047 0.005

Land cover Z0 Z1 (0.10) Z2 (0.10) Z3 (0.10) Z4 (0.10) Z5 (0.13) Z6 (0.13)

Cropland – 0.285 0.102 0.107 0.024 0.143 0.143

Open forest – 0.085 0.153 0.156 0.134 0.119 0.304

Closed forest – 0.103 0.129 0.162 0.147 0.107 0.232

Shrub – 0.044 0.027 0.071 0.024 0.036 0.036

Pasture/Meadow – 0.044 0.259 0.164 0.152 0.238 0.107

Bare – 0.156 0.071 0.176 0.367 0.119 0.071

Artificial – 0.285 0.259 0.164 0.152 0.238 0.107
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However, as shown by the confidence level map at

NUTS 3 territorial unit level, the first version of

ELSUS 1000 has some constraints on correctly

assessing landslide susceptibility in regions where land-

slide data was not provided or are scarce, and also

because the soil parent material dataset used in the

model does not ideally represent the lithology suscepti-

bility criterion.

Work is in progress to further evaluate, validate and

eventually improve the accuracy of the map by using a

new harmonised lithological dataset derived from the

International Hydrogeological Map of Europe at

1:1,500,000 scale (IHME 1500, Gilbrich et al. 2001)

in the assessment and by collecting additional land-

slide inventory data in some regions. In addition, it is

envisaged that landslide susceptibility will be

evaluated separately for major landslide types in

countries where the necessary landslide information

can be provided.
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Landslide Risk in South-East Nigeria: Important
Facilities Under Serious Threat

Ogbonnaya Igwe

Abstract

Important facilities in the South-East part of Nigeria have increasingly been subjected to

high levels of vulnerability to landslides and associated earth movements because of

elevated mining and excavation activities related to construction and demographic reasons.

The stability of electricity, communication and water projects located on hilly terrains has

been undermined by the indiscriminate excavation trends of unscrupulous construction

firms and poor citizens who are more interested in food than safety. The IPL-150 project

investigated the extent of vulnerability and found that while the slopes are fairly stable in

the short-term, sustained and unchecked excavation at the sites could be a major factor in an

eventual collapse in this region where high annual rainfall and complex stratigraphy that

contains some potentially liquefiable lithologic units are always the difference between

stable facilities and fatalities. In this paper, a new concept of delayed liquefaction is

proposed to explain the behavior of the soils: the trend of pore pressure development and

the magnitude of excess pore-water pressure at the residual state are constant regardless of

initial stress level. The contrast between the behavior of these slope-materials and readily-

liquefiable sands are discussed. The paper also describes a procedure for estimating the

critical stress that may trigger instability in the slopes, and based on the work done,

a general failure mechanism is proposed.

Keywords

Excavation � Facilities � Fatalities � Landslides � Liquefaction

Introduction

For greater efficiency in distribution and management,

contractors often site electrical (Fig. 1), communication

and water facilities (Fig. 2) on hilly parts of the country.

These hills initially appear to be stable as they are underlain

most by lateritic units often used in road construction

because of their good engineering properties. Ironically, it

is the good engineering properties of the laterites that moti-

vate the poor rural dwellers to sabotage the stability of the

slopes by excavating them for money. Sometimes however,

excavation is carried out during construction by firms and

entrepreneurs without proper stability evaluations. These

situations have reduced the stability of the slopes and

increased the risk and hazard posed to people who use or

live near the hills.

In addition to hydraulic projects, housing settlements are

often located on these local hills in the study area (Fig. 3).

With lateral support now undermined, high intensity rainfall

could induce slope movements that endanger the facilities.

Corominas (2001) reported that high intensity and short

duration rains trigger mainly debris flows and shallow slides

developed in colluviums and weathered rocks; noting that

while rainfall threshold of about 190 mm in 24 h initiates can

initiate limited failures more than 300 mm in 24–48 h could
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produce widespread shallow landslides. High initial soil

moisture conditions induce fast increase in pore-water pres-

sure that result in a decrease in the safety factor of the slope

which increases the likelihood of slope failure (Mukhlisin

and Taha 2012). Evaluating the effect of rainwater infiltra-

tion and hence the trend of pore pressure generation in slopes

is important in the analysis of rainfall-induced slope failures.

The added weight of water and its lubricating effects are

potential factors in the development of sliding surfaces.

Infiltration capacity is influenced by intensity and duration

of rainfall, soil texture, slope angle, nature of vegetative

cover.

To minimize the potential effects of landslides, in-depth

understanding of the processes that govern slope behavior

and adoption of adequate landslide prevention strategy and

measures for landslide hazard mitigation are a necessity.

Better results could be achieved through careful analytical

studies of the characteristics of landslide prone areas and the

provision of useful information regarding possible future

phenomena. Although the research also studied present and

original geometry of slope, geological cross-section and

position of water table only the shear strength parameters

are emphasized in this paper. Shear strength parameters and

the behavior of the materials when stressed are indispensible

in slope stability analysis. Because failure would result in

traffic disruption, loss of lives and property, a critical evalu-

ation of the stability of slopes hosting these public utilities is

necessary. The investigation involved field work, examina-

tion of aerial photograph, satellite images and laboratory

analysis. The geology of the area and geotechnical

properties of the slope soils were assessed to determine the

possible failure mechanisms and major sliding processes.

Apparatus and Procedure

The fifth version of the ring shear devices (Fig. 4) at Disaster

Prevention Research Institute, Kyoto University, Japan was

used in the research. The apparatus is capable of sustaining

complete undrained loading throughout the test; and was

designed to eliminate some difficulties commonly encoun-

tered while studying the mechanism of landslide motion.

Because of its ability to measure large displacement of

specimen, the ring-shear apparatus is suitable for the inves-

tigation of the residual shear resistance mobilized along the

sliding surface at large shear displacements in landslides

(Sassa et al. 2003; Wang and Sassa 2002, 2003).

The ring-shear apparatus was developed with the aim of

reproducing the formation of a shear zone and the resulting

motion along the zone. To ensure an accurate determination

of the total normal stress acting on a given soil specimen this

particular ring shear apparatus was designed to measure the

friction between the soil specimen and the sidewalls of the

upper shear box. The inner and outer diameters of the shear

box are 12 cm and 18 cm, respectively. The shear area is

141.37 cm2. The maximum height of the specimen in the

shear box is 11.5 cm while the ratio of the maximum height

to the width is 3.83. The maximum normal stress that can be

applied is 2,000 kPa while the maximum shearing velocity is

Fig. 1 Electrical facility on a hill near Nsukka, South-East Nigeria

Fig. 2 A hydraulic project in the University of Nigeria

Fig. 3 A residential zone on a vulnerable hillside in Nsukka
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10 cm/s. The authors think the shear box is deep enough to

allow the development of a definite and easily recognizable

shear zone within the soil specimen which has the advantage

of limiting or eliminating the possibility of measuring the

shear resistance between soil specimen and the loading

platen or the bottom of the shear box. A computer-controlled

servo-motor supplies the shear load. Because the servo-

motors can be switched to either constant torque or constant

velocity modes it is possible to run stress-controlled and

strain-controlled tests.

Oven dried specimens were placed in the shear box and

saturated with water. The specimens were placed in the oven

for at least 24 h and were removed from the oven 1 h before

the commencement of testing. Sassa (1998) introduced a

parameter, the BD parameter, for assessing the degree of

saturation of samples in the ring shear apparatus. The BD

parameter is the ratio of change in pore pressure and change

in normal stress (Δu/Δσ) over a specified period of time.

Obtaining the BD involved a two-phased consolidation pro-

cess of first applying a normal stress of 49 kPa in drained

condition on a sample and increasing the normal stress to 98

kPa in undrained condition when the value of vertical dis-

placement becomes constant. The resultant increase in pore

pressure (from zero to a certain monitored value), Δu,
divided by the corresponding increase in normal stress

(from 49 kPa to 98 kPa), Δσ, is the BD. To achieve a high

BD value of nearly 1.0 (full or complete saturation) carbon

dioxide was first introduced into the samples after which, de-

aired water was introduced. All samples were normally

consolidated and thereafter, shearing was performed by

slow incremental loading of shear stress. Initial shear stress

of zero was assumed in the series of tests. The ring shear

apparatus was chosen for this study because when

investigating landslides, the shearing behavior of slope

materials (especially if the material is liquefiable) at large

displacements becomes an important consideration for risk

reduction (Wang and Sassa 2003; Sassa et al. 2004; Igwe

2012, 2013; Igwe et al. 2007, 2012). The undrained, large-

displacement strength known as the critical state shear

strength is determined from laboratory shear devices and

aids interpretation of in-situ measurements and field case

histories. Although there are many devices used to measure

the shearing behavior of sands, it is only the ring shear

apparatus that can shear a soil to unlimited displacement;

and does that without creating serious disparities in stress

and strain distribution. One of the aims of the present

research was to investigate the dominant factors initiating

the transformation of slide to dangerous flow movements.

The ring shear was therefore chosen for adequate evaluation

of the soils’ behavior at small and large displacements (of at

least 10 m). The ring shear device at Kyoto University, Japan

has additional capabilities that include (1) rotating principal

stresses to simulate field conditions; (2) maintaining con-

stant cross-sectional area as shearing progresses; (3) sustain-

ing complete undrained or constant volume condition for the

duration of test and (4) accurate application and measure-

ment of stresses and pore-water pressure.

Results and Interpretation

Samples from the sites of interest were tested at various

normal stresses, relative density and saturation conditions.

The specimens tested in undrained conditions showed a

unique strain-softening behavior distinguished by an initial

steady rise in pore pressure as shear stress increased; a

second stage of deformation where the specimens experi-

enced a little ‘delay’ in pore pressure generation; and a final

stage of relatively rapid and continuous build-up of excess

pore pressure to significant values that correspond to lique-

faction (Fig. 5). The stress paths of the specimens are

illustrated in Fig. 6, and show that although the samples

did not exhibit quick, rapid and sudden rise in pore pressure

from the outset of the tests, they neither underwent signifi-

cant dilation associated with stable materials, instead strain-

softened while developing high excess pore-water pressure.

To understand this unique behavior, it is necessary to intro-

duce the concept of ‘delayed’ liquefaction, which is readily

distinguished from the outright liquefaction phenomenon

associated with clean sands. The specimens under consider-

ation contain high percentage of fines and may be the main

reason for the slow-liquefying behavior. This concept may

explain why the hills still appear stable even with the

advancing excavation.

It is important to note that the slope materials are

liquefiable and that when the requisite conditions of stress

and pore pressure are satisfied, liquefaction may be initiated.

Unfortunately, this may happen at great cost to human and

Fig. 4 The ring shear apparatus
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public resources. Any leakage in the water project (Fig. 2)

will abruptly elevate pore-water pressure which may trigger

unprecedented catastrophe because of its location within the

University Campus where work, research, learning and resi-

dential buildings are also located. Making matters a bit scary

is the observation that at all the effective normal stresses

applied during the tests, the residual strength of the

specimens reached low values (Fig. 6).

It can be seen in Fig. 6 that although slight peaks (points

A, B, C) began to appear at higher normal stress level of

383 kPa, 464 kPa, and 553 kPa, there was no considerable

change in the residual strength. The results also show that

the trend of pore pressure is stress dependent, and that it

seems there are some critical levels of normal stresses

controlling pore pressure trend, and hence soil behavior at

low, medium and high stresses (Fig. 5).

The soil deformation pattern at normal stresses of 110 and

190 kPa are similar. In the same vein, the pattern at 294 and

383 kPa are similar. This is also true at 464 and 553 kPa.

Fig. 5 Undrained shear behavior of the specimens at different normal stresses

Fig. 6 The stress paths at varying normal stresses
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Understanding the critical stress levels beyond which the

soil behaviour changes may be a key step to reliable evalua-

tion of the stability of slopes and in designing preventive

measures. When such values are incorporated into numerical

or stability models, an effective risk assessment will be the

result. The specimens were also tested under different sam-

ple preparation methods to understand their influence on the

shear strength of the slope materials. It was found that the

different methods produced large differences in void ratio

but only slightly different strength values. Samples prepared

with moist-tamping method had the lowest void ratio, while

those prepared by moist-pluviation resulted in the highest;

the dry-pluviation method led to intermediate value (Fig. 7).

Despite these differences there is only a slight difference in

the values of friction angle. Stronger interlocks at the

contacts between particles inevitably produce stronger resis-

tance to shearing stress. Since one of the most important

mechanisms in the deformation of granular materials is the

relative sliding between particles, it seems reasonable that

stronger interlocking will resist such sliding better, and in

effect, deform less than the weaker interlocking between

the particles comprising poorly graded specimens. The

specimens whose particles witness comparatively more

deformation are more likely to yield higher values of excess

pore pressure than the ones in which particle deformation is

less. However, the results show that different sample prepa-

ration method do not give rise to considerable differences in

interlocking forces at the particle contacts.

The International Strategy for Disaster Reduction

(UNISDR 2009) regarded exposure, hazard and vulnerabil-

ity as principal components of risk: Risk ¼ vulnerability *

hazard * exposure.

Questions on the people’s perception of the risk posed by

landsides produced instructive responses (Table 1). 12 % of

respondents considered landslides high risk, 45 % said

landslides posed medium risk, 18 % regarded them as low

risk, while 25 % said they did not know how much risk

landslides represented. Of those who considered landslides

high risk, only 32 % said they were willing to relocate while

68 % said they would not. In the group of those who consid-

ered it medium and low risk only 23 % were willing to move

to new places. Of the percentage willing to move in all the

categories, 77 % said they were moving because they had to,

while others would move because they had found new

apartments at safer locations. In the group not willing to

move, 46 % said they would live on the slopes to protect

their ancestral heritage, 38 % said they would not move

because they could not afford a new house, while others

said they would not move under any circumstance. This

research found that unavailability of housing at safer places,

poverty and socio-cultural belief account for the high expo-

sure to landslide hazard. Even in some places where the

foundation of houses have been seriously damaged by ero-

sion, the people still refused to move; preferring instead to

‘live and die in their ancestors lands’.

Conclusions

A series of tests under varying conditions of void ratio,

saturation and sample preparation method was used to

study the behavior of slope materials upon which impor-

tant electrical, communication and hydraulic projects are

located.

A new concept of delayed liquefaction is proposed for

proper evaluation of the materials’ behavior. During

interpretation of the data, threshold values of normal

stress that appeared to influence the behavior of the

materials were observed.

Based on the interpretation of the tests and the insight

gained from the new concepts, the following conclusions

can be drawn: (1) the slope materials are liquefiable,

although not as readily liquefiable as clean or poorly

graded sands (2) The materials exhibit relatively slow

development of excess pore pressure but eventually gener-

ate high values that correspond to liquefaction (3) This

delay in pore pressure generation is the major reason some

of the slopes are still standing despite excavation activities

(4) A leakage on thewater facility will lead to abrupt rise in

pore pressure and may hasten the destabilization of the

slope. High excess pore pressure is a condition for lique-

faction and flow failures which may be catastrophic

because of the location of the facility (5) Critical or thresh-

old normal stress levels appear to control the behavior of

Fig. 7 Relationship among void ratio, friction angle and method of

sample preparation

Table 1 Risk-perception of people at the vulnerable area

Risk perception Percentage Social status

Annual salary

(USD)

High risk 12 Private and

public workers

>20,000

Medium risk 45 Same Same

Low risk 18 Same Same

Don’t know 25 Same Same
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thematerials. The knowledge of these threshold values can

add reliability and efficiency in slope stability assessment.

Finally, the research found that unavailability of hous-

ing at safer places, poverty and socio-cultural belief

account for the high exposure to landslide risk. However,

people’s perception of the hazard and socio-cultural

beliefs, which culminate in their unwillingness to relocate

even if safer places were to become available, may be

obstacles to future hazard reduction programs.
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Assessing Landslide Frequency for Landform Hazard
Zoning Purposes

Gabriel Legorreta Paulı́n, José Lugo Hubp, and José Fernando Aceves
Quesada

Abstract

This work provides an overview of the on-going research project (Grant PAPIIT, no.

IB100412-RR180412 and IPL project #170) from the Institute of Geography at the

National Autonomous University of Mexico (UNAM). The project seeks to conduct a

multi-temporal landslide inventory, analyze the distribution of landslides, and characterize

landforms that are prone to slope instability by using Geographic Information Systems

(GIS). The study area is the Rı́o Chiquito-Barranca del Muerto watershed that covers

111 km2 and lies on the south-western flank of Pico de Orizaba volcano. The watershed

was studied using aerial photographs, fieldwork, and adaptation of the Landslide Hazard

Zonation Protocol of the Washington State Department of Natural Resources, USA. A total

of 571 gravitational features were recognized, of six types: shallow landslides, debris-

avalanche, deep-seated landslides, debris flows, earthflows, and rock falls. This analysis

divided the watershed into 12 mass-wasting landforms on which gravitational processes

occur: inner gorges, headwalls, active scarps of deep-seated landslides, meanders, plains,

three types of hillslopes classified by their gradient (low, moderate, and high), rockfalls,

non-rule-identified inner gorges, non-rule-identified headwalls, and non-rule-identified

converging hillslopes. For each landform the landslide area rate and the landslide frequency

rate were calculated, as well as the overall hazard rating. The slope-stability hazard rating

has a range that goes from low to very high. The overall hazard rating for this watershed

was very high.

Keywords

GIS � Landslide inventory map � Landslide hazard map � Pico de Orizaba volcano

Introduction

Worldwide, landslide inventory maps and related geo-

databases are the preliminary step toward assessment of

susceptibility, hazard, and risk (Castellanos Abella and

Van Westen 2008; Hervás and Bobrowsky 2009; Guzzetti

et al. 2012; Legorreta et al. 2013). In Mexico, efforts to

achieve this have used Geographic Information Systems

(GIS) and remote sensing (Capra and Lugo-Hubp 2006;

Garcı́a-Palomo et al. 2006; Pérez-Gutiérrez 2007; Secretarı́a

de Protección Civil 2010). Despite these efforts, there are

few landslide inventory maps and landslide hazard maps that

systematically record the type, abundance, distribution, and
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hazard within any region of Mexico. This is the case for Pico

de Orizaba volcano, the highest mountain in Mexico

(5,675 m a.s.l.), which is affected by continuous gravita-

tional processes because of the long-term weathering of its

rock and high seasonal rainfall. This stratovolcano creates a

potentially hazardous situation for 500,000 people living

within a radius of 27 km of the volcano. On the southwestern

flank of Pico de Orizaba, the Rı́o Chiquito-Barranca del

Muerto watershed threatens towns such as Córdova,

Orizaba, Rı́o Blanco, Nogales, and Ciudad Mendoza, with

a total population of 360,000 people, due to the coalescence

of up-stream landslides that have increased the destructive

power of debris flows. The Rı́o Chiquito-Barranca del

Muerto watershed was selected as a case study. The main

goal of this mass wasting project is to provide standardized

methods for conducting landslide inventories and producing

landslide hazard zonation maps for various landforms to

support governmental authorities for hazard mitigation and

landscape planning in Mexico. During this study, 571

landslides, covering 0.350 km2, were mapped from aerial

photos, GIS thematic layers (such as elevation, slope, hill

shade, aspect map, and geology map) and field verification.

Derivation of landform units used classification of mor-

phometric parameters, expert knowledge, field verification,

and the Landslide Hazard Zonation (LHZ) Protocol of the

Washington State Department of Natural Resources (DNR),

Forest Practices Division (Dikau et al. 1995; Washington

State Department of Natural Resources (DNR), Forest

Practices Division 2006; Evans 2012). This analysis divides

the watershed into 12 mass wasting landforms that are

assigned slope stability hazard ratings from low to very

high. Mapped landforms include some of the high-hazard

units defined in the Washington State Forest Practices Rules.

For each landform the landslide area rate and the landslide

frequency rate were calculated, as well as the overall hazard

rating for the watershed. The overall hazard rating for the

study area was found to be very high.

Background

The landslide mapping and hazard mapping are important in

assessment of the potential hazard situation for people and

property. Worldwide, the mapping has been addressed by

multi-temporal inventories (Washington State Department

of Natural Resources (DNR), Forest Practices Division

2006; Hervás and Bobrowsky 2009; Blahut et al. 2010) and

modeling landslide hazards by analysis of landslide distribu-

tion in landforms units (Iwahashi et al. 2001; Washington

State Department of Natural Resources (DNR), Forest

Practices Division 2006; Evans 2012; Jasiewicz and

Stepinski 2013). For example, in the early 1990s geologists

of the Washington State Department of Natural Resources,

Forest Practices Division, USA, conducted multi-temporal

landslide inventories and produced landform hazard maps to

assist Washington State’s forest practices. The method is

embedded in a well defined protocol (Washington State

Department of Natural Resources (DNR), Forest Practices

Division 2006).

In Mexico, numerous GIS-based applications have been

used to represent and assess landforms and slope stability

through heuristic, statistical, or deterministic approaches

(Bocco 1983; Tapia-Varela and López-Blanco 2002;

Bolongaro-Crevenna et al. 2005; Capra and Lugo-Hubp

2006; Pérez-Gutiérrez 2007; Secretarı́a de Protección Civil

2010). These studies include concepts and explanations of

landslide and geomorphologic landforms classification, trig-

ger mechanisms, criteria, considerations, and analysis for

landslide hazard reconnaissance.

In the study area, most of the research has focused on the

volcanic history of Pico de Orizaba volcano to establish the

possible mechanisms and eruptive styles that explain the

present morphology of the landscape and the potential haz-

ard from volcanic events and flank collapse (Siebe et al.

1992; Carrasco-Núñez et al. 1993, 2006; Carrasco-Núñez

and Rose 1995; De la Cruz-Reyna and Carrasco-Núñez

2002; Macı́as 2005). Based on previous geological studies,

computer simulations, GIS, and remote sensing, maps have

been created to show the risk of movement of catastrophic

voluminous lahars along stream systems of Pico de Orizaba

(Hubbard 2001; Sheridan et al. 2001; Concha-Dimas et al.

2005; Hubbard et al. 2007). A multi-temporal inventory map

and a landslide susceptibility map were created by using and

comparing Multiple Logistic Regression (MLR) and a carto-

graphic/hydrologic model (Stability Index Mapping:

SINMAP) (Legorreta et al. 2013). In spite of this effort,

there are few landslide inventory maps or geo-datasets, and

scant standardized landslide hazard mapping based on

landforms along the stream systems of Pico de Orizaba

volcano.

Study Area

The Rı́o Chiquito-Barranca del Muerto watershed covers

111 km2 and lies within Veracruz and Puebla states, Mexico.

The watershed is characterized by hilly and steep terrain

with elevations from 1,340 to 5,600 m a.s.l. and slopes

between 3� (inner valleys of relatively flat plains) and 61�

(mountainous terrain). It is a tributary of the Rı́o Blanco,

which flows into the Gulf of Mexico (Fig. 1).

The watershed is on the southwestern flank of Pico de

Orizaba volcano, which is located in the Mexican Volcanic

Belt physiographic province. The Mexican Volcanic Belt is

an active volcanic chain that extends 1,000 km from west to

east across central-southern Mexico, from the Pacific Ocean
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to the Gulf of Mexico. The study area is prone to landslides

due to its large area of collapsible weathered or disjointed

volcano-clastic material at high altitudes and under high

seasonal rainfall. In the study area, the climate is Tundra at

>4,400 m a.s.l., Subtropical semi-cold at 3,000–4,400 m a.s.

l., and Subtropical temperate, sub-humid and Tropical semi-

warm, humid at <3,000 m a.s.l. (Garcı́a 2004). The mean

annual precipitation is 1,000–1,100 mm/year at >4,000 m a.

s.l. and 927 mm/year at <1,500 m a.s.l. (Palacios et al.

1999), with most falling as rain during seasonal storms in

the wet season between May and November. Cretaceous

sedimentary rock constitutes about 29.7 % of the total area

in the watershed and has been covered by Tertiary and

Quaternary lavas, pyroclastic flows, fall deposits, and allu-

vium. The Tertiary rocks and deposits cover 60.3 % of the

watershed area, while the area covered by Quaternary and

alluvium is 2.4 % and 7.6 %, respectively (Fig. 2).

Methods

The method encompasses three main stages of analysis to

assess landslide susceptibility: Stage 1 builds a historic

landslide inventory map. Background information was col-

lected to provide context and to generally characterize land-

slide processes within the watershed. Background

information includes geology, land use, climate and hydrol-

ogy maps. All paper maps were converted to raster format,

geo-referenced, and incorporated as GIS layers.

Within the GIS layers, characteristics such as catchment

area, stream length, stream patterns, stream orders, and

drainage density were generated from GIS analysis and

incorporated as background information. The background

information also included orthophotos at 1:10,000, as well

as a 10 m digital elevation model (DEM) and its derived

slope angles, slope curvatures, and contributing areas.

By retrieval and on-off switching of the layers in the GIS

system, a base map was created to assist in the digitizing of

landslides. Landslides were identified by photo-

interpretation and field checking. Two sets of aerial

photographs were used: one from 1994 at a scale of

1:20,000 and the other from 2008 at a scale of 1:10,000.

Fieldwork was conducted three times a year from 2009 to

2012 along the main river and some tributary rivers. The

amount of field verification was 37 %, which enhances

confidence in the landslide assessment.

In the second stage, specific landforms that exist across the

study area were defined by rules adopted by the Washington

Forest Practices Protocol to address landslide hazards

(Washington State Department of Natural Resources (DNR),

Forest Practices Division 2006). These landforms are called

rule-identified landforms (inner gorges, bedrock hollows,

convergent headwalls, outer edges of meanders, and active

scarps of deep-seated landslides). Their differentiation is

based on slope gradient and shape, lithology, landslide density

and sensitivity to forest practices. The aerial photos, the

Fig. 1 Location of the study area

Fig. 2 Distribution and spatial proportions of geologic rocks and

deposits
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landslide inventory, and GIS layers were also used to identify

other areas that do not meet the rule-identified landform

definitions. These areas are called non-rule-identified

landforms (such as non-rule-identified inner gorges and bed-

rock hollows, steep-gradient hillslopes, moderate-gradient

hillslopes, and low-gradient hillslopes). Both rule- and non-

rule-identified landforms were entered into GIS as part of a

landform polygon feature.

The third stage determined the landslide area and the

landslide frequency rate for each landform, as well as the

overall hazard ratings for the watershed. For both rule- and

non-rule-identified landforms a semi-quantitative overall

hazard rating is derived from values that correspond to the

number and area of landslides within each landform,

normalized for a period of time spanned by the aerial

photographs used, and to the area of each landform. These

values are referred to as the landslide area rate and the

landslide frequency rate. After the quantitative rates of

landsliding were determined, each was assigned a Low,

Moderate, High, or Very High hazard rating. The landslide

area rate and landslide frequency rate values were then

entered into a matrix in order to determine the overall hazard

rating to be assigned to the landforms.

Results

During assessment of the Rı́o Chiquito-Barranca del Muerto

watershed, a representative sample of 571 mass-wasting

features was inventoried. Six types of mass wasting process

were identified in the watershed. Of the landslides identified,

46.6 % were mapped as shallow undifferentiated failures,

26 % were debris flows, 15.2 % were debris slides, 1.7 %

were deep-seated landslides, 1 % were earthflows, and 9.5 %

were debris rock topples and falls. Of the 571 inventoried

landslide features, 93 % were identified as definitive, 6.3 %

as probable, and 0.70 % as questionable. Also, the GIS

overlay of geology versus landslide inventory shows that

almost two-thirds of the mapped landslides are in volcanic

rock or deposits, and the rest are in weathered sedimentary

rocks and deposits. Twelve landforms derived from physical

attributes of the landscape were mapped. They are intended

for use in predicting areas within the watershed that pose

hazards for mass wasting (see Fig. 3 and Table 1).

Conclusions

This paper briefly introduces and reviews the implemen-

tation of a method for landslide mapping and landslide

hazard zonation for varied landforms in unstable sedi-

mentary and volcanic terrains. The study at Rio Chiquito-

Barranca del Muerto is an attempt to adapt and produce

the prototype for a standardized method for future

Fig. 3 Landform distribution in the Rio Chiquito-Barranca del Muerto

watershed

Table 1 Landforms landslide hazard rating

Name of

landform

Landform

slope stability

hazard rating

Slope of

land-form

Area

(ha)

No.

land-

slides

Inner gorges Very high >70 % 236.3 105

Bedrock

hollows

Very high >70 % 4.9 1

Active scarps

of deep-seated

landslides

Very high >50 % 1.3 19

Rock outcrops Very high 30–145 % 28.3 31

Meander

bends/overbank

dep./surge

plain

Very high 30–70 % 12.5 16

Flats Low <10 % 2,194.1 14

Low gradient

hillslopes

Low 11–40 % 4,449.9 82

Moderate

gradient

hillslopes

High 41–70 % 2,802 147

Steep gradient

hillslopes

High >70 % 488.6 23

Non-rule

Identify inner

gorges

Very high 30–70 % 887.3 123

Non-rule-

identify

bedrock hollow

Very high <70 % 3.6 2

Non-rule-

identify

converging

headwall

Very high <70 % 3.6 8

Totals 11,112.4 571
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landslide studies in Mexico. The method is achieved by

adapting the Washington State, DNR Forest Practices

Protocol for the standardization and integration of the-

matic layers and their related geo-database in a GIS-

based system to obtain a landslide inventory map and a

map of landslide hazard zonation for various landforms.

The GIS overlay of landforms versus landslide inven-

tory shows that landforms differ in their pattern of resis-

tance to erosion processes and in the type of mass

movement; these differences are due to their specific

geologic and geomorphometric properties. It was found

that almost 40 % of the landslides had developed along

inner gorges and non-rule-identified inner gorges, which

cover only 10 % of the study area. In these two landforms

shallow undifferentiated landslides, debris flow, and

debris landslides are the predominant mass wasting pro-

cesses. Both landforms are more prone to landslides in the

middle and lower portion of the watershed, where there

are steep slopes, loose volcanic ash, pyroclastic flow

deposits, and volcano-clastic and sedimentary material.

This finding is important in understanding the long-term

evolution of the stream system on the southwestern flank

of Pico de Orizaba, and may prove useful in the quantifi-

cation, assessment, and modeling of landslides that occur

continually in volcanic terrains.

We emphasize the fact that the study is the first proto-

type in Mexico to develop a GIS methodology for a

systematic landslide mapping and landslide hazard zona-

tion for various landforms. Hence, it is subject to being

adapted, modified, and improved. Future research should

involve the calibration of the Washington State, DNR

Forest Practices method to other Mexican watersheds.

We acknowledge the technical limitation of the land-

slide inventory, whose quality depends on the experience

and skill of the researchers, and the reliability of available

information, including the aerial photographs, for

identifying the landslides and the complexity of the

study area. Regardless of the limitations, the authors

foresee the landslide inventory and the landslide hazard

zonation using landforms of Rio Chiquito-Barranca del

Muerto as an integrated method to handle and support

prognostic studies of slope instability. By directly

addressing the landslide inventory and hazard mapping

issues, local authorities in Mexico will benefit with regard

to landslide hazard mitigation and planning.
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De la Cruz-Reyna S, Carrasco-Núñez G (2002) Probabilistic hazard
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Comparison of Soil Modulus E50 of Residual Soil
Slope Failures in Two Different Rainfall Zones

M.A.S.N. Mallawarachchi, E.M.T.M. Ekanayake, S.S.I. Kodagoda,
and A.A. Virajh Dias

Abstract

Occurrence of slope failures and landslides in the hilly areas of Sri Lanka poses a threat to

lives and frequently makes the roads impassable and thus development process of the

country is hindered. The characteristics of slopes, saturation and shear strength of soils are

the main parameters associated with rainfall-induced slope failures, and these parameters

are directly affected by the different precipitation in prolonged periods of time. In most

instances a landslide trigger due to extensive soil saturations and is a function of soil

integrity, hydraulic conductivity, density, void content, shear strength and boundary

conditions. Two soil samples can have the same dry density but different structures, like

loose or dense, and thus have different soil modulus. Water content also impacts soil

modulus. At low water contents the water binds the particles, increases the stress and

suction between the particles and leads to a high soil modulus. This is especially apparent

when considering the stiffness of dried clay. Slope stability analysis enables the identifica-

tion of risky areas, but the lack of knowledge in terms of variability against the saturations

and elastic deformations of subsurface soil is another hindrance in interpretation of

instability potential in natural slopes.

Keywords

Soil modules � Rain induced failures � Precipitation

Introduction

In limit equilibrium analysis the relative deformations along

the rupture surface are usually ignored but it’s a common

fact that deformities are highly significant at the failure.

Evaluation of stability of natural slopes using the determin-

istic approach depends on various extrinsic and intrinsic

variables for calculation of the factor of safety. Stability of

residual soil formations under prolong period of saturation

has been the subject of various landslide studies in the recent

past, with emphasis placed on evaluation of stability. Since,

the subsoil properties and patterns of failures are highly

dependent on soil saturation and shear strength, a study on

evaluation of inter-related parameters of two different pre-

cipitation regions would yield to understand shear strain

behavior of soils that can be adopted in each region. The

project team has undertaken several sample analysis, shear
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strength variables and landslide records in selected two

rainfall precipitation areas and has obtained various

compatibilities under high saturation effects in residual soil.

Rainfall in Sri Lanka

Lying in the equatorial and tropical zone, Sri Lanka is

influenced by the monsoons, allowing two distinct main

seasons: wet and dry, with two inter-monsoonal seasons.

The first is from mid-May to October, when winds origi-

nate in the Southwest, bringing moisture from the Indian

Ocean. When these winds encounter the slopes of the Cen-

tral Highlands, they unload heavy rains on the mountain

slopes and the southwestern sector of the island. Some of

the windward slopes receive up to 2,500 mm of rain per

month (Fig. 1), but the leeward slopes in the East and

Northeast receive little rain. The second season occurs in

October and November, the inter-monsoonal months. Dur-

ing this season, periodic squalls occur and sometimes tropi-

cal cyclones bring overcast skies and rains to the southwest,

northeast, and eastern parts of the island. During Northeast

monsoonal rains which normally occur from December to

March, monsoon winds come from the northeast, bringing

moisture from the Bay of Bengal. The northeastern slopes of

the mountains may be inundated with up to 1,250 mm of rain

during these months. The inter-monsoonal period occurs

from March until mid-May, with light, variable winds and

evening thundershowers.

Landslides and Rainfall Precipitations

Heavy rain is the main cause for landslide activation in

hilly areas of Sri Lanka. There is no record of landslides

occurring during the dry season or under any seismicity in

Sri Lankan history. Geology, hydro-geology, rainfall pre-

cipitation and ground slope are natural causes, while

improper land use practices and man-made activities also

account for landslide activation. The National Building

Research Organisation (NBRO) has conducted studies in

many districts that are highly vulnerable to landslides,

namely in Kandy, Matale, Nuwara-Eliya, Badulla,

Kalutara, Ratnapura, Kegalle, Galle and Matara districts

(Bandara 2012). After recent heavy rains, 300 landslide-

prone areas were identified in these districts, including,

Gampaha and Colombo. Gampaha and Colombo districts

have been subjected to precipitation of 2,500 mm similar

to Kandy during last few decades. Both areas usually

contain residual and lateritic form of soils.

In the late 1980s when information was scanty, the

landslide-triggering threshold was placed at 200 mm of

rainfall in a 72 h period, provided rain in the area continued

(Bhandari et al. 1992). This is mainly because of the prelim-

inary loss of matrix suction, intensive rate of water penetra-

tion as well as percolation of rainwater and lack of slope

protection ingredients in the event of heavy rains.

Study the conditional probability of landslide occurrences

as a ratio of rainfall intensity of the month of the landslide

Fig. 1 Average annual rainfall for the period 1961–1990
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event and average monthly rainfall of the place against

to average monthly rainfall intensity (Bhandari and Dias

1996) was conducted during the 1990s. The criterion

worked only partially, in case of reactivation of recent,

seasonally active landslides. A relationship of rainfall

records of a very large number of landslides shows that

24 h-rainfall associated with a landslide event was generally

2–23 times higher than average daily rainfall (Bhandari and

Dias 1996). This was reasonably accurate if the average

annual rainfall exceeds more than 3,000 mm in the wet

zone of the country.

Methodology: Phase 1

The main objective of the study phase 1 of the research was

to determine residual soil moduli and shear strength of two

different rainfall precipitation zones. The selected two pre-

cipitation zones (Table 1) were:

(a) Heavy rainfall precipitation zone in wet zone with

annual average rainfall above 4,500 mm.

(b) Moderate rainfall precipitation zone in wet zone with

annual average rainfall between 2,500–3,000 mm.

Newly excavated residual soil slopes in the moderate

precipitation zone found in Akuregoda, Colombo for the

study as in Fig. 2.

In the study, the following comparisons were made:

(a) Comparison of laboratory and in-situ parameters includ-

ing cohesion, friction angle and elastic parameters E50

(b) Determination of other critical soil parameters such as

cohesion and angle of internal friction in both regions

(c) Comparison of values obtained in the study phase 1 as

outlined above.

Sampling of Soil

Open-pit excavations were made, recovering large undis-

turbed soil samples from selected locations at Zone 1;

Akuregoda (Fig. 2) and Zone 2; Nuwara Eliya (Fig. 3).

Few samples were collected from boundary of old landslides

namely Watawala Landslide (in Zone 1), Koslanda Land-

slide (Zone 1) and potential landslide areas along the road

leading to Bandarawela to Nuwara Eliya. Undisturbed soil

samples taken from the stable and unstable zones closer to

the discrete boundary shears of a landslide always produce

reliable results. Collection of samples is the most important

task during this study (Fig. 4).

Table 1 Selected areas for the study—study phase 1

Precipitation

zones of study Area, district

Average annual

rainfall in mm

Zone 1 Watawala, Kahagalle,

Koslanda/Nuwara Eliya

District

4,000–5,500

Zone 2 Kandy/Kandy District,

Colombo/District Colombo

2,500–3,000

Fig. 2 Deep earth cutting sections in residual soils at Zone 2;

Akuregoda, Colombo District

Unstable Zone

Stable Zone

Old Failure 
Boundary

Fig. 3 Identification of stable and unstable zones at site from the deep

excavation pits

Fig. 4 Intact soil was obtained by high quality manual sampling

method; Zone 1; Nuwara Eliya District
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Determination of E50, C
0, f0 of Residual Soils

All sample locations consisted of common overburden soil

type namely, residual soils or Silty Sand (SM) of USC

(unified soil classification). The study extended to investi-

gate shear-strength characteristics; effective cohesion inter-

cept C0 and effective angle of internal friction ϕ0, which
associate rainfall-induced slope failures. Residual soils are

usually slightly cohesive. In residual soils, grain-size distri-

bution has a significant influence on internal friction and

percentage of clay, silts and sand particles could drastically

change the properties exhibited by the sample. Drained or

undrained triaxial shear and drained direct shear test (Fig. 5)

are generally regarded as the most appropriate laboratory

tests to determine shear strength characteristics of soils.

Elastic soil modulus, E50, may be estimated from empirical

correlations, laboratory test results on undisturbed

specimens and results of field tests. The effective strength

parameters interpreted from drained direct shear test in shear

zone samples but in two different layers are shown in Fig. 5.

If the soil has been subjected to stress in the past due to

various deformities, loading and unloading, it will impact

the modulus. Therefore, elastic module may create different

views on old landslide deposits. An over-consolidated soil

will generally have a higher modulus than the same

normally-consolidated soil. In this study, a series of triaxial

tests were performed on UDS samples to determine the

effective shear strength parameters and the secant modulus

E50. The interpretation and evaluation of E50 using standard

saturated consolidated undrained triaxial compression test

for the samples collected from the rainfall precipitation Zone

1 and Zone 2 are shown in Table 2.

Comparison of Results in Different Precipitation
Zones

Near the ground surface, residual soils lack texture or traces

of the parent rock and consist of brown to red and yellow,

high plasticity silts. At a slightly greater depth, the residual

soils transition to in-situ weathered and highly decomposed

rock are typically dark brown, black and dusky red, low

plasticity or non-plastic silts. However, there were some

samples with liquid limits greater than 50, and the plasticity

index was such that they are plotted below the A-line on the

Casagrande plasticity chart. According to the Unified Soil

Classification System (USCS) in ASTM D2487, these soils

have the abbreviated descriptor MH and SM. Slopes with

thick soil layers and slope angle between 15� and 45� have
been found to have a greater preponderance for landsliding

with maximum tendency of hill slope of angle 26�–35� to the
horizontal (Bandara 2012). It is noted that most of the hilly

regions are predominantly covered with residual form of soil

and some old depositions of colluvium. Therefore, recent

study indicates some similarities among the effective shear-

strength parameters of overburdened soils.

In case of slope stability, movements are associated with

the deformation of the soil mass essentially under its own

weight. Soil with closely packed particles tends to have a

higher modulus. This can be determined by looking at the

soil’s dry density or porosity (void ratio). Most soils exhibit

a nonlinear behavior soon after application of shear stress as

in Fig. 6. It is assumed that the disturbance is equivalent to

an accumulation of shear strain, the tests consist of a repeti-

tion of compression and an alternation of compression due to

stage load consolidated undrained triaxial test.

The test results as plotted in Fig. 7, shows that E50

increases with effective confining pressure. However, the

paper compares E50 of the residual soil if the effective

confining pressure reached 100kPa or 120 kPa in Table 2.

However, two soil samples can have the same dry density

but different structures, loose or dense, and thus have differ-

ent moduli (Briaud 2001). Water content also impacts mod-

ulus. At low water contents the water binds the particles,

increases the stress and suction between the particles and

leads to a high soil modulus. This is especially apparent

when considering the stiffness of dried clay. However, this

does not hold true for coarse-grained soils. If water content

rises too much, the particles are pushed apart and the modu-

lus is reduced. If the soil has been subjected to stress in

the past, it will impact the modulus. An over-consolidated

soil will generally have a higher modulus than the same

normally-consolidated soil (Briaud 2001). No observations

y = 0.764x + 2.8489
R² = 0.9596

y = 0.5467x + 5.411
R² = 0.9696
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Fig. 5 Shear strength properties interpreted from a standard drained

direct shear test in Zone 1
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were made on residual soils with over-consolidated

characteristics similar to cohesive soils. For different soil,

samples of residual formations have been used for experi-

mental study by different precipitation zones as in Table 3.

Conclusion

The comparison of soil modulus E50 of residual soil

slope failures in two different rainfall precipitation

zones is an experimental study to formulate a relationship

between the potential slope failures quantify shear

strength characteristics of soils which could be easily

discussed on scenarios of the first time occurrence

failures and repetitive failures in residual soil formation.

However, the number of soil samples tested in this phase

of study might not be sufficient to demonstrate the above

relationship effectively.

The study on evaluation of E50 (secant modulus) is an

experiment setup to understand the behavior of residual

soils under changing stress conditions at site due to various

reasons such as prolong period of rainfall precipitations,

movement of soils, unloading effects and re-loading effect

caused by deposition. The results do not conclude a strong

interdependence of eo and E50 with the shear strength

characteristics due to a small sample represented in this

study. Therefore, it is advised to explore more sample

representation in a detail study before the comparison or

evaluation of the interdependence of sub coefficients of

soils. One of the difficulties faced during the experimental

study was to apply the evaluation of degree of landslide

density considering a special boundary (area wise) to the

selected sample when comparing prior to evaluation of

parametric results which could have influence the final

results. Therefore, further tests are recommended with

more representations of soil samples and also widening

the range of test parameters to verify the interdependence

capacity of soil parameters and tomake it applicable over a

wide range of actual failures of residual soils under prolong

period of saturation.
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Table 3 Slope failures in two different precipitation zones along the

road section

Zone 1: Balangoda

to Bandarawela

39,286 0.838 09 nos of slope failures

identified

Zone 1: Koslanda

Landslide

41,957 0.810 One major landslide

across the road

Zone 1: Gampola

to Nuwara Eliya

35,182 0.937 07 number of slope

identified

Zone 1: Watawala

Landslide

10,714 1.15 One major landslide

across the rail road

Zone 2: Colombo

and sub regions

56,900 0.788 Newly formed earth

cutting

25,723 0.640 Newly formed earth

cutting

11,909 1.348 Newly formed earth

cutting
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WCoE: Mechanisms of Landslides
in Over-Consolidated Clays and Flysch and IPL-151
Project: Soil Matrix Suction in Active Landslides
in Flysch—The Slano Blato Landslide Case

Matjaž Mikoš, Jošt Sodnik, Ana Petkovšek, Matej Maček, and Bojan Majes

Abstract

The Faculty of Civil and Geodetic Engineering of the University of Ljubljana (UL FGG),

Slovenia, Europe, was voted in 2011 at the 2nd World Landslide Forum in Rome, Italy to

be one of the 14 new World Centres of Excellence (WCoE) in Landslide Disaster Reduc-

tion for the period 2011 to 2014. This successful nomination followed the period 2009-

2011, in which UL FGG successfully fulfilled the role as one of the WCoEs for the first

time. The title of the activities of the WCoE was selected to be “Mechanisms of landslides

in over-consolidated clays and flysch”.
Among the activities of the WCoE at UL FGG we can name the active IPL-151 project

on “Soil matrix suction in active landslides in flysch—the Slano Blato landslide case”, as
well as activities to establish two ICL networks, the regional one “Adriatic-Balkan
Network—ABC” and the thematic one “Landslide Monitoring and Warning Thematic

Network—LaMaWaTheN”. In the paper the international activities of the WCoE at UL

FGG are elaborated, as well as other international and national activities and projects in

which the WCoE has been involved in the field of landslide mitigation and landslide risk

reduction.

Keywords

Debris flows � Flysch � Landslides � Risk mitigation � Soil suction � WCoE

Introduction

Faculty of Civil and Geodetic Engineering (FGG) is one of

26 faculties and academies of the University of Ljubljana

(UL; in Latin: Universitas Labacensis) which is the oldest

university in Slovenia (established in 1919; with roots in

Jesuit-led higher education in seventeenth century and as

Écoles centrales in the period 1810–1813 during French-

ruled Illyrian provinces). It is also the largest (with close to

50,000 full-time and part-time students in 2013) and the

internationally best ranked (top 500 in ARWU 2012; #60

in Europe and #168 in the world in Webometrics 2013)

university in Slovenia.

The UL FGG was voted in 2008 at the First World

Landslide Forum in Tokyo, Japan to be one of the World

Centres of Excellence (WCoE) in Landslide Disaster Reduc-

tion for the period 2008 to 2011. The title of the activities of

the WCoE was selected to be “Mechanisms of landslides in

over-consolidated clays and flysch”. We have introduced the

UL FGG, its history in the field of landslide research and

mitigation, and planned activities as WCoE in an article

published in the journal Landslides under the topic ICL/IPL
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Activities (Mikoš et al. 2009). In 2010, we started a 3-year

IPL-151 Project “Soil matrix suction in active landslides in

flysch—the Slano Blato landslide case”.
We have reported our activities as a WCoE in November

2011 at the second World Landslide Forum in Rome, Italy

(Sodnik et al. 2011). Our contribution to the “Landslides of
the world” photo contest won First place in the category

Landslide from above. At the second World Landslide

Forum in Rome, Italy, the UL FGG was re-elected to be

one of the 14 new World Centres of Excellence (WCoE) in

Landslide Disaster Reduction for the period 2011 to 2014.

As a part of the activities to celebrate ICL’s 10th Anni-

versary, a strategic document for the second decade called

the ICL Strategic Plan 2012–2021, with the motto “to create
a safer geo-environment”, was adopted in Kyoto in January

2012 (Sassa 2012). An important part of this document was a

clear ICL dedication to broaden the scope and societal

impact in a thematic, institutional, and geographic manner.

Thus, thematic and regional networks for landslide risk

reduction were recognized to be important forms of ICL

activities in the decade to come. The UL FGG soon took

active part in these activities.

Fields of Activities at UL FGG as WCoE
2011–2014

The UL FGG activities as World Centre of Excellence since

2011 can be divided into three fields:

– Collaboration in the ICL newly established regional and

thematic networks,

– Research work in the field of landslide research,

– Collaboration in the ICL and IPL organizational

activities; such as support of the journal Landslides

(Mikoš 2011b; not discussed in this paper).

The ICL Adriatic-Balkan Regional Network

The general objective of the ‘Adriatic-Balkan Network on

Landslides’ is advancing landslide science and its practical

application in the region for the benefit of society and the

environment. Specific objectives are: (1) to set up a scientific

and legislative background for regional cooperation; (2)

regional unification of information about landslides and

landslide research at national levels; and (3) development

of landslide science by capacity building at a regional level

and practical applications of outcomes to societies in the

region (Mihalić Arbanas et al. 2012a, b).

As part of the network activities, the 1st Regional Sym-

posium on Landslides in the Adriatic-Balkan Region was

organized in March 6–9, 2013 in Zagreb, Croatia, with

participants from the region and Japan. The UL FGG was

represented in the International Scientific Committee, and

the proceedings of the symposium are planned to be avail-

able until the end of 2013. More details on the network can

be found in a paper published in the journal Landslides under

the topic ICL/IPL Activities (Mihalić Arbanas et al. 2013).

The ICL Landslide Monitoring and Warning
Thematic Network

The ICL Landslide Monitoring and Warning Thematic Net-

work is a joint effort of ten ICL member organizations and

two ICL supporters from eight countries; five of them are

active ICL World Centers of Excellence in Landslide Risk

Reduction in the period 2011–2014. The UL FGG was the

initiation institution that proposed this network, and is also

coordinating its activities, together with the Croatian Land-

slide Group (Prof. Arbanas) and the Forestry and Forest

Product Research Institute, Tsukuba, Japan (Prof. Ochiai).

The general objective of this thematic network is to compare

experiences in the field of landslide monitoring and existing/

installed (early) warning systems for active landslides in

different regions of the world (Mikoš 2012).

At UL FGG we started in 2013 to put together a broad

database on different techniques used for landslide monitor-

ing with as detailed as possible descriptions of different

landslides used as case studies. On such a basis we will

develop a web questionnaire to be filled in on-line by land-

slide experts, to gain a broad knowledge of the expertise

available in the world on the topic of landslide monitoring.

More details on the network can be found in a paper

published in the journal Landslides under the topic ICL/

IPL Activities (Mikoš 2012).

IPL-151 Project “Soil Matrix Suction in Active
Landslides in flysch: The Slano Blato Landslide
Case”

The Slano Blato landslide is one of the largest and the most

active landslides in Slovenia. In dry periods the landslide

behaves as a group of several slow moving landslides, while

in wet periods it moves mainly as a viscous earth flow, with

the occurrence of rapid mudflows that endanger Lokavec

Village. To protect the village a series of shafts were

constructed in the upper part of the landslide (Pulko et al.

2013).

In 2007 the positive effect of matrix suction on shear

strength of clayey soil was observed by Petkovšek (2006).

Later it was decided to use matrix suction observations as an

indicator of landslide stability. This was one of the main

research fields of the IPL-151 project; the other was detec-

tion of flysch degradation using suction measurements.
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After the first 2 years it was observed that, when suction

drops below an anticipated threshold, some mass

movements were observed at Slano Blato landslide. How-

ever, the main landslide body remained virtually unmoved

(Petkovšek et al. 2009, 2013).

To better understand soil behaviour at Slano Blato land-

slide, a series of laboratory tests were performed in 2011 and

2012. A simple shear apparatus was modified for suction

control and the water retention curves at different vertical

loads were measured. Later a series of shear creep tests at

different vertical loads, matrix suctions and constant shear

stress ratios were performed using the same apparatus.

Based on measurements of the water retention curves, it

was concluded that there is only one soil water retention

curve in relation to degree of saturation—suction and that

volume deformations are important for the calculation of

water movement in clayey soils. For water movement

calculations a 1D numerical model was made and back

analysis of water movements for period 2007–2012 was

performed. To obtain meaningful results, the evaporation

from the surface was reduced to 1/3 of potential evaporation.

This reduction may be a result of a thin layer of coarse grains

(debris) that has accumulated on the landslide surface.

During the shear creep tests, significant excess pore

pressures were generated during instantaneous shear load-

ing. The excess pore pressure changed effective stresses in

the specimen and the initial shear deformations, and also

caused scatter in the measured creep rate. This prevented any

conclusions regarding the shear creep rate—suction—total

stress relations. However, the measured creep deformations

as measured at Slano Blato landslide were at least ten times

smaller. Later it was found that landslide movements could

be explained more reasonably by loss of stability

(F ¼ 0.99), due to the increased pore pressure during low

suction conditions (i.e., winter) and that small movements

are the result of acting viscous forces.

The project results were part of a PhD thesis (Maček 2012)

andwere presented at several conferences (Maček et al. 2012a,

b). The project also initiated scientific cooperation with the

Institute for Geotechnical Engineering at the ETH Zurich

(Prof. Springman) at the master student level that resulted in

the field work at the Slano Blato landslide and several

contributions to the annual conference of the European

Geosciences Union (Askarinejad et al. 2013a, b, c).

National Research Program “Hydrotechnics,
Hydraulics and Geotechnics” (2009–2013)”

Mid-term research programs are one of the main research

policy forms in Slovenia to financially support basic

research. In this specific research program, four chairs

from the UL FGG cooperate with the Institute for Hydraulic

Research IHR (Ljubljana). Among the many topics covered,

landslide research is an important topic. Though the

landslides in Slovenia can also be earthquake-induced

(Mikoš et al. 2012a), the central focus was on rainfall-

induced landslides.

Stogovce Landslide

In September 2010 a heavy 4-day rainfall, totaling

300–520 mm of rain, caused large floods and triggered

numerous new and old landslides in the Vipava River valley.

One of them, the Stogovce landslide, which is located in the

vicinity of Slano Blato landslide, destroyed a local road,

15 ha of forests and electricity for a water supply station

for nearby villages (Petkovšek et al. 2011).

The Stogovce landslide is located approximately 200 m

below the overthrust zone of Mesozoic carbonate rock on

Eocene flysch. The slopes were covered with a maximum

10 m thick layer of limestone debris colluvium, which

slipped along the flysch bedrock. The unstable masses pres-

ent serious potential risk if they transform into a fast-moving

debris flow. The debris flow could damage Slokarji village,

as well as the infrastructure in the Vipava River valley. Such

events were already reported in the past. The soils from

Stogovce landslide also have similar characteristics to soils

from Stože landslide, where a debris flow destroyed Log pod

Mangartom village (Petkovšek et al. 2011). A retention

barrier for possible moved masses was made at Stogovce

landslide, together with its monitoring. The solution is dif-

ferent to that for Stože landslide, where a debris-flow

breaker was constructed (Mikoš and Kryžanowski 2011)

and most endanger houses were moved. The relocation of

the local population produced tensions between them and

geotechnical experts (Mikoš 2011a).

To monitor the movements of the landslides, six auto-

matic GPS and gyroscopic sensors were designed and

installed for 24/7 observations. The gyroscopic sensors

would allow detection of position in the event of large

movements in which the GPS antenna could be covered by

the debris.

Mathematical Modelling of Debris Flows

In Slovenia, DEM5 and DEM12.5 data are publicly avail-

able. The aim of our basic research was to assess the useful-

ness of this public topographic data for debris flow-modeling

(using Flo-2D model) and to compare this data to LiDAR-

derived data (Sodnik et al. 2011) (Fig. 1).

The morphological accuracy of these datasets is question-

able because of their development methods and their low

morphologic resolution. A better solution is LiDAR-derived
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data with higher resolutions and multiple options for further

improvements using different methods and algorithms. The

results with LiDAR data are more accurate; the torrent

channel is better expressed (Sodnik et al. 2012a, b). One

downside of LiDAR data is its high price, which prevents

wider usage of more precise data. Another downside is the

much longer computational times of the model. More pre-

cise data means a more irregular surface of the computa-

tional grid, which results in the need for shorter

computational steps to ensure numerical stability. We pro-

posed new methods for LiDAR-derived DEM

improvements. With modified data, computational times

were much shorter and results were even more precise than

with non-modified DEMs.

Torrent Check Dams as Debris-Flow Sources

Large dams represent a threat should they collapse. In

Slovenia large dams are covered by legislation and there

are assessments of the spatial consequences of their failure.

Since Slovenia is an alpine country, numerous torrent

structures were built in the last century. All these structures

are considered in legislation as easy or less demanding

structures with regard to their construction, and no risk

assessment is required when planning and building them.

In Slovenia, there are over one thousand torrent structures

(such as check dams), but no hazard assessment exists for

them in case of their failure.

Within the framework of the research project “Earth- and
concrete dams of the strategic importance in the Republic of

Slovenia (2011–2012)”, we proposed a procedure for quali-

tative evaluation of the hazard rate due to failure of torrent

check dams. The procedure was tested for a chain of torrent

check dams in the Suhelj torrent fan in NW Slovenia. Case

study of the Suhelj torrent shows that also smaller torrent

structures can represent a considering threat and that such

structures should also be considered using methods compa-

rable to those for large dams. The results of mathematical

modeling of potential debris flows on the fan using a two-

dimensional numerical model (Flo2D) confirm that a poten-

tial debris flow initiated by a failure of check dams in this

torrent truly impose a hazard to the torrent fan area.

Alpine Space EU Project PARAmount
(2009–2012)

The European research project called PARAmount

(“imProved Accessibility: Reliability and security of Alpine

transport infrastructure related to mountainous hazards in a

changing climate”; 2009–2012) covered selected natural

hazards (avalanches, rock falls, and debris flows) and their

impact on traffic routes. For debris flows, the field activities

in Slovenia were conducted in two test regions (Mikoš et al.

2012b, c; Sodnik and Mikoš 2012a, b, c).

The densely populated Koroška Bela torrent fan is in the

Jesenice Municipality (debris flows, historical debris-flow

event in 1789); here debris flows triggered in the active

landslide source in the hinterland of the fan could potentially

endanger the regional road R2-452 between Žirovnica and

Jesenice (>6,000 vehicles/day) and the railway connection

between Ljubljana and Jesenice (68 trains/day in 2008). We

applied the Flo2D model to determine the run-out zones in

order to establish a debris-flow hazard map (Fig. 2).

In the Bohinjska Soteska gorge along the Sava Bohinjka

River, debris flows caused road and railway interruptions

during heavy rains in 2007. Here debris flows during

thunderstorms occasionally interrupt the railway track from

Jesenice to Nova Gorica (44 trains/day) and the parallel

main state road R1-209 between Bled to Bohinjska Bistrica

(~4,000 vehicles/day). We assessed the area of influence of

debris-flows based on geological survey and debris flow

susceptibility maps. We applied the TopRunDF model to

determine the run-out zones in order to establish a prelimi-

nary debris-flow hazard map (Fig. 3).

Fig. 1 Maximum debris-flow depths (in m) on the Suhelj torrential

fan. The numerical 2D model Flo-2D used numerical grid 5 � 5 m:

debris-flow (Cv ¼ 0.42) Qmax ¼ 34 m3/s, and flash flood

Q100 ¼ 24 m3/s
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The aim of the study was to assess the function of beech-

dominated forests in protection against debris flows. Forest

structure data was obtained from 26 sample plots. A detailed

description and delineation of forest stands was performed

(method NaiS). The results showed that these forests play an

important role in the protection of infrastructure. Forest

protection efficiency can be improved by careful planning

of regeneration patches over time and space. Since these

forests have not been managed for several decades, natural

disturbances (wind throws) are frequent. Research results

suggest that assessment and management of these beech-

dominated protection forests is necessary, contrary to the

current practice of non-management in protection forests in

Slovenia.

Acknowledgments The research activities within the framework of

the WCoE at UL FGG were supported by the Research Agency of

Slovenia (ARRS): research programme P2-0180 “Hydrotechnics,
hydraulics and geotechnics” & targeted research project L4-2244

“Protective forests: development principles, risk assessment, coordina-

tion of silviculture and utilization technologies”. The Ministry of

Defence of the Republic of Slovenia financed the research project

“Earth- and concrete dams of the strategic importance in the Republic

of Slovenia (2011–2012)”.
Furthermore, the UL FGG staff collaborated in two projects of

the EU Alpine Space programme: project PARAmount (“imProved

Accessibility: Reliability and security of Alpine transport infrastructure

related tomountainous hazards in a changing climate”; 2009–2012) and
project SedAlp (“Sediment management in Alpine basins: integrating

sediment continuum, risk mitigation and hydropower”; 2012–2015).

References
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(2013b) Drainage efficiency of large dowels as a stabilising

Fig. 2 Debris-flow hazard map
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Mikoš M (2011a) Public perception and stakeholder involvement in the

crisis management of sediment-related disasters and their mitiga-

tion: the case of the Stože debris flow in NW Slovenia. Integr

Environ Assess Manage 7(2):216–227. doi:10.1002/ieam.140
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(2011) The Stogovce landslide in SW Slovenia triggered during

the September 2010 extreme rainfall event. Landslides 8(4):

499–506. doi: 10.1007/s10346-011-0270-z, 10.1007/s10346-011-

0270-z#doi
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Slope Data Acquisition Along Highways in Sabah
State for Hazard Assessment and Mapping

Shabri Shaharom, Che Hassandi Abdullah, and Roslan Majid

Abstract

The need of expenditure for remedial works for slope failures due to landslides in Malaysia

have been increasing. The increase number of slope failures is related to heavy rain and rapid

development inMalaysia. In 2011, an estimated USD 65million was needed to repair slopes

along highways across the country. Out of the total requirement, only USD 20million a year

were provided to repair these slopes. To fit to this situation, prioritization of slope repairs

according to scale of damage and public safety, is being implemented. Looking at this

scenario into the future, it is time to divert the slope maintenance to a more systematic

method by emphasizing landslide prevention. Slope data acquisition is a first step to ensure

success in the Malaysian highway slope maintenance program. Slope data collection in

Sabah is the first phase towards a full systematic slope maintenance program in 2013. A few

of the obstacles faced during the implementation of this project are heavy rainfall, lack of

knowledge on the database needed and diferences of management between agencies.
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Introduction

Malaysia is a country located in Southeast of Asia,

occupying about 330,200 km2. Malaysia is divided into

two main regions; Peninsular Malaysia and East Malaysia.

Peninsular Malaysia lies just south of Thailand and north of

Singapore; East Malaysia consisting of Sabah and Sarawak

is the northern one-third of the island of Borneo bordering

Indonesia and Brunei (Fig. 1).

With a population of about 28.3 million (updated by the

Department of Statistics Malaysia on 5th August 2011), the

country has a multiracial society with a racial composition

consisting of Malay, Bumiputera Sabah Sarawak, Chinese,

Indian and others at a proportion of 50 %, 17.4 %, 24.6 %,

7.3 % and 0.7 %, respectively.

Sabah is a state located in East Malaysia. The western

part of Sabah is generally mountainous, containing the three

highest mountains in Malaysia. The most prominent range is

the Crocker Range with several mountains with heights from

about 1,000 m to 4,000 m. At the height of 4,095 m, Mount

Kinabalu is the highest mountain in Malaysia and the 10th

highest mountain in Southeast Asia. Roads have to be built

across these mountainous areas, exposing users to landslide

risk. Figure 2 shows the terrain map of Sabah.

Slope Maintenance Management in Sabah

Current Situation

At present, the maintenance of slopes in the state of Sabah is

implemented partly upon inspection when signs of distress

occur on the slope surface and partly on an ad-hoc basis
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when failure has already occurred. Maintenance is mostly

focused on treating the failed slopes where remedial works

are limited to a certain scale of damage and cost of remedial

work to less than USD 150 thousand per site.

By implementing this approach the department manage to

remediate 37 slopes along highways of Sabah in 2012 to a

total cost of USD 3.3 million per year. For slope failures that

exceed the limit of damage and cost, a special fund is used.

In 2009, Slopes Engineering Branch, Public Works

Department put all the effort to record approximately 4,000

slopes along Sabah Highway. The data were collected by

ground survey and airborne LiDAR survey.

Slope Maintenance Programmes Along
Highways in State of Sabah

In 2011, a Slope Maintenance Program in Highways in

Sabah was being developed and was planned to be

launched in mid 2012. This program will be implemented

in two phase. Phase I is the Slope Data Acquisition which

will be implemented in a period of 6 months. Followed by

Phase II that is the maintenance and the inspection works

on all 4,000 slopes in the state of Sabah for the time

frame of 5 years.

Fig. 1 Geographical map of East

Malaysia

Fig. 2 Terrain level map of

Sabah
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Slope Data Acquisition Along Highways
in the States of Sabah

Slope Data Acquisition along highways of Sabah includes

data collection for approximately 4,000 slopes for a total cost

of USD 10million. These slopes are located along 22 Federal

Roads in the state of Sabah which total up to 1,520 km.

Global Positioning System (GPS) and mobile Geographi-

cal Information System (GIS) technology and airborne

LiDAR are applied at the fullest for this purpose.

Along with this data collection task, a system will be

developed to facilitate storage, retrieval, manipulation and

analysis of the data. It will also facilitate the integration of

ground and airborne data. The development of the system

will be based on GIS format using the Windows platform.

All the data will be geo-referenced according to the local

coordinate system. The formula used for the assessment of

slope hazard will be customized in the system. It will then

be able to analyze the slope data to produce hazard maps.

These maps will be disseminated to the end-users via

internet.

Objectives of Slope Data Acquisition

The project consists of four main objectives [3, 4, 5]. These

objectives are set as guidelines throughout the implementa-

tion of the projects. The objectives are:

1. to establish spatial and non-spatial databases for slope

assessment and mapping;

2. to produce hazard and risk maps;

3. to provide a ‘decision-support system’ for the slope main-

tenance program;

4. to identify potential problem areas;

5. to monitor and control the slope maintenance program

and work

Resources Necessary for the Project

Rugged terrain in Sabah make it impossible to climb some

hills or to descend into some ravines to check the slope

condition. To overcome this access problem, a special team

equipped with special gadgets and technology needs to be

formed to collect the aforesaid data. With proper and reliable

data, a proper slope maintenance program should be planned

ahead thus reducing the impact and vulnerability caused by

landslide incidents. About 140 workers are deployed to

complete the job in 6 months. This team will be divided

into sub-units and each sub-unit will consist of Climbing

Specialist, Senior Engineer, Geologist, Civil Engineer, and

General Workers. For the system-development team there

are IT Personnel, GIS Personnel, System Analyst etc.

Work Plan

The implementation of this project will be subdivided into

six stages. The stages are designed to ensure a smooth

program that covers all the components needed. These

stages of the projects are shown in Table 1.

Stage I is the field data Collection Works. This stage fits

the data collection for non mountainous road. Data collection

will be done through walking and on site assessment. Ground

data collection for these projects are mainly conducted in

town area where the ground is flat and access to slope is easy.

These town area are identified as Kota Kinabalu, Sandakan to

Lahad Datu, Pandewan to Pensiangan.

A specific type of form named the JKR Primary Data

Capture proforma are to be filled and completed. General

information of slopes such as location and GPS coordinate

are taken. The forms also includes other important informa-

tion of slopes such as feature type of slopes, such as height,

slope angle, slope shape, slope cross-section, plan profile,

cutting-topography relationship, feature aspect, structures

present, upslope/and downslope geometry and geological

feature. Facilities surround the slopes are also taken to

complete the survey proforma.

Stage 2 involves the Airborne Laser Scanning by Light

Detection and Ranging (LiDAR) and Aerial photo on the

ground surface. This method is done to cover all mountain-

ous roads and slopes that have limited accessibility on the

ground. LiDAR onboard equipment is set up on a fixed-wing

aircraft for endurance and clear imagery. Flight and route of

flying are planned to the very detail to ensure maintenance of

accuracy.

Table 1 Stages of work plan for slopes data acquisition along

highways in the state of Sabah

Stage Activities

1 Field data collection works—raw data

2 Airborne laser scanning (LiDAR) and aerial photo

imaging—raw point cloud data

3 GIS data integration—database

4 Data extraction (quantity) for maintenance contract purpose

5 Slope hazard and risk assessment and mapping—hazard

and risk map

6 System development—integrated slope maintenance system
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Data from these two methods are then collected and

integrated into a database system. This is the stage where

information is massaged, and stitched together and missing

elements are spotted and rectified.

Stage 4 is the data extraction from the raw data col-

lected from site for contract purposes. These data will

mainly be used for the second phase of the maintenance

programmes.

The next stage will involve Slope Hazard Assessment

and Map production. This stage will evaluate each slope

according to the attributes taken from the previous stages

and categorize it to a certain hazard rating. Hazard rating

implemented by Slope Engineering Branch, Public Works

Department is shown in Table 2 [1, 2, 3, 4, 5].

The concept of LiDAR—satellite positioning technology

determines the location of the aircraft with respect to the

terrain as shown in Fig. 3.

Hazard Mapping are then plotted to be analysed and

applied for the second phase of the maintenance project.

The map will have the function to identify areas of either

existing or potential slope instability thus leading to

designed maintenance needed for a specific slope. Figure 4

shows example of hazard mapping along highways.

The last stage, is the stage that will be develop along the

implementation even from the first stage. Database

containing data of each and every slope and the slopes

properties are compiled and recorded into a system that

will ease retrieval of information. This system will also

provide information on what each slopeneeds for mainte-

nance and upgrades.

Deliverables

Output produced from this project are:

1. Slope Hazard and Risk Map

2. Other GIS Thematic map such as contour map, hillshade,

landcover, Flow accumulation and orthophoto

3. Slope Information System containing database of every

slopes

4. Street-view map

5. Fly-through map

Expected Problems Encountered

One of the keys to ensuring success in this project is the

availability of landslide specialists to carry out the work. An

understanding of landslidemechanisms and the characteristics

of soil and rocks in tropical areas is crucial in landslide hazard

formulation.

Financial allocation for this project might be limited.

Priority is given to the development of infrastructure, and

the landslide budget is mainly spent on repair work and only

occasionally for slope upgrading work.

Fig. 3 Airborne LiDAR

Table 2 Hazard rating and definition

Hazard

rating Definition of landslide likelihood

Very high Certain to occur during a very adverse event; almost

certain to occur during an adverse event

High Almost certain during a very adverse event; might

occur under an adverse event

Moderate Might occur under very adverse conditions

Low Conceivable, but only during an exceptional event

Very low Not conceivable under almost all conditions
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Fig. 4 Hazard Map plotted from data collected on site
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Climate-Change Impacts on Embankments
and Slope Stability in Permafrost Regions
of Bei’an-Heihe Highway

Wei Shan, Ying Guo, Chengcheng Zhang, Zhaoguang Hu, Hua Jiang,
and Chunjiao Wang

Abstract

China’s Bei’an to Heihe Expressway is located on the southern boundary of high-latitude

permafrost, and intersects the north section of the Lesser Khingan Mountain. The geologi-

cal conditions are extremely complex. In recent years, in this section, roadbed settlement,

dribbling icing of roads and cut-slope landslides are increasing, threatening subgrade

stability and operational safety. The mechanisms, morphological characteristics and move-

ment of the above phenomena are very different from that in un-frozen areas. These

problems are common in highway construction in high-latitude permafrost regions of

Northeast China, relevant research has been included in the key research programs of

China Communications Construction and international landslide programs (IPL)

“Landslides Mechanism and the Subgrade Stability Controlling Measures in Island Perma-

frost Area (IPL-167)”. Using annual average temperature data from 1954 to 2011 in Sunwu

County, the relationship between annual average temperature change and permafrost

distribution are analyzed. Based on the data of ground temperature, moisture, surface and

landslide deformation monitoring data from 2009 to 2012 in Bei’an to Heihe Expressway

K161 + 860 to K178 + 530 section which traverses the north section of the Lesser Khingan

Mountain, mountain body landslide and dribbling flow ice on the road area caused by

freeze-thaw, as well as landslide mechanism and motion characteristics are analyzed.

Results show that: in the past 50 years, the annual average temperature in Sunwu region

show a clear upward trend, permafrost degradation has accelerated. Affected by atmo-

spheric precipitation, melting permafrost, seepage water, air temperature, geological con-

dition and human activity, landslides and dribbling flow ice on the road area often occur.

These geological problems are controlled by seasonal temperature change, affected by

slope water content change, related to geological condition, and have the characteristics of

low angle, intermittent, creeping.

Keywords

Climate change � Permafrost � Creeping � Landslide � Expressway

Introduction

The northeast of China is the only high-latitude permafrost

region of China, in this region, snow, vegetation, water,

topography, atmospheric inversion and other local factors

cause local temperature variability, thus forming Khingan-

Baikal type permafrost which is very different from the

permafrost in polar and high-altitude regions (He et al.
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2013). In recent years, affected by climate change, the

southern boundary of high-latitude permafrost in Northeast

China has moved north, the permafrost near the southern

boundary is discontinuous, distributed as permafrost

“islands” and undergoing accelerated degradation (Lin

et al. 1995; Shi et al. 1995; Zhou et al. 2000; Ren et al.

2005; Ding et al. 2006).

Frozen soil is a soil medium containing ice, and is

extremely sensitive to temperature change. Frozen soil has

characteristic rheological properties—its long-term strength

is much lower than its instantaneous strength. Precisely

because of these characteristics, engineering structures in

permafrost face the danger of frost heave and thaw settle-

ment leading to uneven deformation of the roadbed and

slopes, and even instability slumps.

Landsliding is a natural geological phenomenon, its

occurrence mechanisms and evolution laws are closely

related to the geological conditions and environmental

factors, and it is controlled by the factors of geological

force, lithology and landform. It also is affected by environ-

mental changes in land cover, rainfall and human activity,

and has the characteristics of uncertainty, continuity and

irreversibility in space and time. Landsliding is caused by

changing geological environmental conditions, it also vio-

lently changes the geological environmental condition.

Because of the complexity of landslide formation and evo-

lution and the seriousness with which landslides influence

human survival and activities, people are paying more and

more attention to research on landslides, getting many valu-

able research results. Northeast China is China’s
cryopedology cradle and one of the early intensive study

areas, but after thirty years of studying global climate change

in this area, we only see the study of permafrost degradation

affecting engineering structures in airports, roads and

pipelines. There is no systematic study of climate-change

influences on permafrost change in northeast high-latitude

permafrost regions (Wei et al. 2010; Chang et al. 2013). In

permafrost regions, study of the occurrence mechanism,

movement characteristics, and disaster laws of landslides

caused by permafrost melting due to climate change,

extreme climate phenomena and geological condition of

landslide, also is basically blank.

Herein we examine the Bei’an to Heihe Expressway in

China which traverses the Lesser Khingan Mountain, and in

particular, the uneven settlement of the roadbed, dribbling

flow ice on cut slopes, and landslides in the road area of the

K162 + 860 and K178 + 530 sections. We apply weather

monitoring data from the Sunwu County meteorological

station, landslide engineering geological surveys and moni-

toring data, to analyze the formation mechanisms and move-

ment laws of roadbed uneven settlement, dribbling flow ice

and landslides.

Study-Area Natural Condition

The study area (K153 + 440 – K184 + 100) is in the north-

west section of the Lesser Khingan Mountain

(N49�270–N49�450 and E127�120–E127�330). Ground eleva-

tion is 210–330 m and the relief, about 120 m, in undulating

terrain. Slope is steep in some areas, and vegetation

flourishes.

The basement bedrock is upper Jurassic Shenshu forma-

tion and lower Cretaceous Guanghua formation volcanic and

late Indosinian granite, the covering layer is the upper Cre-

taceous Nenjiang formation and Tertiary Pliocene series

Sunwu Formation River and Lake Facies deposition.

Neotectonic movement in this area is mainly vertical move-

ment of fault blocks, the new rift zone decreased firstly and

then increased, the Tertiary Pliocene series Sunwu formation

which mainly consists of coarse sand or sand conglomerate

overlaps the tops of the mountain and hills. This rock has no

cementation, and is in a loose state. The upper Cretaceous

Nenjiang formation is exposed in the lower parts of the

mountains or hills. Its lithology is mudstone, alternating

fine sandstone and fine sandstone, with weak cementation,

the weathering depth is large, and the near-surface portion

substantially weathered. Holocene (modern) river alluvium

and stack layers are distributed in the low-lying valleys.

Climate Change and Permafrost

Asymmetry of mountain distribution, slope directions and

hilly areas, and wide and stable persistence of inversion

layer in winter, have important impacts on the permafrost

distribution, permafrost development and change processes,

and permafrost features. However, the covering layer which

is composed of forest, shrub, grass, moss also plays an

important role in the development and protection of perma-

frost. Affected by inversion phenomenon, loose covering

layer thickness differences, vegetation, slope direction, sur-

face water, geological structure and other natural factors,

permafrost distribution and degree of development of differ-

ent geomorphologic positions in this region are obviously

different. This region has mainly developed “Khingan-
Baikal type” discontinuous permafrost, its main distribution

characteristics are that permafrost is well developed in the

relatively low-lying areas and has greater thickness. The

degradation process occurs first on sunny slopes and then

on shady slopes, first on high and then on low, first on

mountain and then in valley.

For Fig. 1, we employed the May 3, 2011 and October 10,

2011 Landsat ETM + images, extracted thermal infrared

band data, through data fusion, overlaid the June 15, 2004
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satellite photo of study area (from Google earth) to obtain

the high upper limit of permafrost distribution map in study

area. It has good agreement with survey results. The inver-

sion results show that in the study area, the permafrost

distribution has obvious “Khingan-Baikal type” discontinu-
ous permafrost characteristics.

In the past 100 years, the global climate system has

changed, from 1906 to 2005, global surface temperature

has increased by +0.74 �C. In China, the most significant

warming region is north China, east Inner Mongolia and

northeast China over the last 50 years, and the highest

heating rate has been +0.8 �C/decade. Our study area is

located in the Sun Wu-Heihe district which has one of the

highest warming rates in nearly 50 years, according to the

meteorological data of Sun Wu weather station from 1954 to

2011, Sun Wu annual average temperature has risen from

�1.6 �C in 1954 to 1.2 �C in 2011, warming by 2.8 �C (see

Fig. 2).

In this study, the effect of climate change is not only

reflected in the annual average temperature, but also is

reflected in changes in extreme maxima and minima temper-

ature, according to 1954–2011 monthly extreme maximum

temperature (Max.T), minimum temperature, average air

temperature data of Sunwu weather station (Fig. 3). Each

monthly extreme maximum temperature, extreme minimum

temperature, and average temperature has generally trended

upward in this area, the extreme minimum temperature has

risen fastest, except for September, the extreme minimum

temperature increase is two times the extreme maximum

temperature increase, September is the month when seasonal

frozen soil thawing depth is the largest in this region, from

another point of view demonstrating the relationship

between permafrost degradation, distribution and climate

change.

Impact of Seasonal Freeze–Thaw
and Permafrost Degradation

In the study area, 80 % surface is covered by larch, oak,

poplar, linden, birch, coniferous and broad-leaved mixed

forest, hill slopes are between 10–35º, slope creep surfaces

are active, and the geological condition is very unstable.

Carex tato, fish-scale turf, drunken forest, curved trees and

other permafrost geomorphic features distribute on the

slopes (Fig. 4). Figure 4 is the June 15, 2004 satellite photo

of study area (from Google Earth), there are local surface

folds and multi-level surfaces distributed in the area. In the

photo, the red-line marked part is the geologically unstable

region judged from geomorphology, the blue-line marked

part is permafrost thawing water surface exposed region. C1

is the slope heading west permafrost melting area, melt

water flows into the seasonal river. C2 is the cultivated

land surface shallow permafrost melting area. C3 is the

Fig. 1 The permafrost distribution map of high upper limit. (Based on

Landsat ETM + images)
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Fig. 4 Creeping surfaces and the distribution of melting permafrost in

study area
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ridge permafrost melting water exposed area, on the right

side of C3 is an abandoned road where a landslide occurred

during the subgrade construction in 2000, on the left side of

C3 is the ridge changed section. C4 is the landslide creeping

surface margin permafrost melting water exposed area.

Combining with Fig. 1, the permafrost distribution map of

high upper limit, it can be seen that the permafrost distribu-

tion has good agreement with regions of unstable geological

conditions, so the multi-level surfaces in the study area are

the result of permafrost successive degrading and surface

creeping. With evolution of the climate change process, low-

lying areas and deep permafrost will gradually degrade,

repeated freeze-thaw and atmospheric precipitation, melting

permafrost will further weaken the strength of shallow soil

bodies, and promote the development of surface creeping,

then lead to surface-creeping potential energy and increased

landslide risk.

Mechanism and Evolution of Roadbed Uneven
Settlement, Seasonal Dribbling Ice
and Landslides

Soil moisture has an important impact on soil physical and

mechanical properties. In permafrost regions, affected by

air-temperature change, the soil body experiences freeze-

thaw cycles, alternating between a three-phase and four-

phase system, which drastically changes the engineering

properties of the soil. The change in soil engineering

properties with soil temperature is non-linear, and in perma-

frost regions, the engineering geological conditions are

bound to change as environmental conditions change.

Seasonal dribbling ice flow is a unique geological phenom-

enon in very cold regions. It occurrence is related with slope

position and topography, vegetation distribution and coverage

conditions, moisture and temperature in slope shallow layer, as

well as the impact of engineering structures, and has seasonal,

occasional, positional uncertainty characteristics. Repeated

occurrence of ice dribbles can change moisture and tempera-

ture in shallow layer of the slope, weakening soil strength, and

increasing the risk of shallow landslides.

Figure 5a shows a new cut slope in the K161 + 860 section

of Bei’an to Heihe Expressway. The photo was taken in the

autumn, and Fig. 5b is the same place in March, after dribbling

ice flow has occurred. Figure 6 is the relationship curve

between soil temperatures, pore-water pressure in different

depth and time (the second step of cut slope in K161 +860

section, 1.5 m depth). In Fig. 6, as freezing progresses from the

surface to deeper, the groundwater in the shallow layer

undergoes increasing pressure caused by upper freezing front

moving down and lower impermeable layer, this interlayer

water changes from non-pressure into pressure water gradu-

ally, soil pore-water pressure increases rapidly, and reaches a

peak value in early February. Soil pore-water pressure will

decrease rapidly if there is a weak point somewhere on the

slope that will let unfrozen confined water outflow, otherwise,

the soil pore-water pressure will remain near the peak value,

until the frozen layer melts in spring, when it will decrease

rapidly. In summer, the soil moisture at the former position of

dribbling flow ice will still be saturated or near saturation with

increased landslide risk.

Because there is unfrozen water in winter, the position

where dribbling flow ice often takes place has a shallower

freezing depth, smaller than the average freezing depth, and

there must be permafrost under this shallow groundwater

layer.

In permafrost areas, due to the role of freeze-thaw and

impact of permafrost on the mechanism and movement law

of the landslides there are also distinctive features (Figs. 7

and 8). In Figs. 7 and 8, the slope angle of K178 + 530

section is 8.14�. Atmospheric precipitation and shallow

groundwater outcropping in trailing edge provides adequate

Fig. 5 Cutting slope taken in K161 + 860 section of Bei’an to Heihe Expressway (a: October 6, 2009; b: Dribbling flow ice taken on March 15,

2010)
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water to the shallow slope layer. Above a lower confining

layer, the water content in a shallow layer may rise too high,

leading to the sloping soil sliding along the top of the

impermeable layer. The slide begins in the spring thawing

period and stops after the autumn rainfall period. The slip

rate in the rear is much higher than the front. Whole

landslides have a low angle, intermittent motion feature.

Conclusions

Through IPL-167 project, the following conclusions were

drawn:

1. Topography in high-latitude permafrost regions of

Northeast China determines permafrost distribution

in this area. With the accelerated process of global

climate change, road area of Bei’an to Heihe Express-

way through Lesser Khingan Mountain has warming

trend. The annual average temperature rise in the

region, not only is the reason for permafrost degrada-

tion, but also is the result of permafrost degradation.

2. Permafrost degradation in high-latitude permafrost

regions of Northeast China, change the regional

geological environment, and change the engineering

geological conditions, which can lead to engineering

geological disasters.

3. Repeated seasonal dribbling flow ice on slopes in

Bei’an to Heihe Expressway through Lesser Khingan

Mountain is one important cause of slope landslides.

Seasonal dribbling flow ice in the road area and

shallow-layer landslides are not only caused by the

geological structure in this region, but also caused by

the changes in geological conditions. So changes in the

geological environment is the main reason for engi-

neering geological problems.

4. The landslides in area are closely related to seasonal

thawing of permafrost and seasonal frozen soil, as well

as to the precipitation. They feature a characteristic

low angle, intermittent motion.

The social impact of IPL-167 project achieved is:

1. Through systematic measurement of geological

conditions, weather conditions and climate change in

Bei’an-Heihe highway (which is near the southern

boundary of high latitude permafrost and Lesser

Khingan Mountain) the formation mechanism,

morphological characteristics and motion of the

landslides are studied to reveal the evolution of

regional environmental geological conditions and

enrich the understanding of cold-regions landslides.

2. In a study section, soil temperature, soil moisture and

soil pore-water pressure were monitored at depth by

sensors. Shallow soil body deformation also was

monitored by deformation monitoring tubes, settle-

ment gauges and inclinometers. The deformation of

slope surface was measured by GPS through the

monitoring points on the slope. Geological survey was

conducted by geological drilling, ground-penetrating

radar and high-density electrical resistivity survey.

The regional permafrost distribution was obtained by

comprehensive analysis of meteorological data,

geological data and remote-sensing satellite data. The

slope safety factor under varying conditions was

calculated by finite element analysis of laboratory-

test data and field-monitoring data. Finally, slope rein-

forcement measures of gravel piles, antifreeze seepage

blind ditchs and friction piles were adopted.

Through this project, monitoring methods of cold-

region landslides has been further enriched. Because of

the good results of engineering reinforcement measures,

much practical experience of highway construction in

high-latitude permafrost regions has been accumulated.

3. Through this project, 12 papers have been published,

4 doctors and 7 masters have been trained. Five inter-

national and domestic academic conferences were

organized and participated in. So personnel training

and academic exchanging have achieve excellent

results.
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International Summer School on Rockslides and
Related Phenomena in the Kokomeren River Valley,
Tien Shan, Kyrgyzstan: IPL-106-2 Project and WCoE

Alexander Strom and Kanatbek Abdrakhmatov

Abstract

The International Summer School on Rockslides and Related Phenomena in the

Kokomeren River valley, Tien Shan, Kyrgyzstan is the annual field training course focused

on identification and study of large-scale bedrock landslides. These phenomena pose a

threat to communities living in mountainous regions all over the world and are

characterised by the enormous amount of material involved, and its high mobility and

ability to create natural dams. Since 2006 more than 50 students and young landslide

researchers from 17 countries have been introduced to rockslides and rock avalanches of

different morphological types, some of which have formed deeply eroded rockslide dams

that allow study of their internal structure, as well as evidence of inundation and of

catastrophic outburst floods, and impressive manifestations of recent tectonic phenomena.

Keywords

Rockslide � Rock avalanche � Natural dam � Outburst flood

Introduction

Rockslides (bedrock landslides) pose a threat to vast areas

due to the enormous amount of material involved (some-

times up to billions of cubic meters), and their high mobility

and ability to create large natural dams, which result in

inundation of the valleys upstream and catastrophic outburst

floods downstream. Fortunately such large-scale rock slope

failures occur rarely in comparison with landslides in non-

lithified soils. At the same time, the uniqueness and relative

rareness of such phenomena require that more attention be

paid to prehistoric events to better understand the motion

mechanism(s) of highly mobile rock avalanches, and large

rockslide dams behaviour.

It is critically important for researchers working in this

field, especially for those who are starting their professional

career, to visit as many bedrock landslides of different types as

possible. The best are those in arid climatic zones where there

is a lack of vegetation and good outcrops, and where details of

rockslide morphology and internal structure can be observed.

Excellent examples of long runout rock avalanches, of

intact and deeply eroded rockslide dams, of lacustrine

sediments that accumulated in the landslide-dammed lakes

and of catastrophic outburst flood traces can be found in the

Kokomeren River basin (Central Tien Shan, Kyrgyzstan).

There are many sites within a limited area of about

30 � 80 km (Fig. 1) located at a 1-day trip distance from

the city of Bishkek, the capital of Kyrgyzstan. Most of these

sites can be easily reached by car or require few hours of

hiking (Strom and Abdrakhmatov 2009).

This region was selected for a field training course due to

the unique concentration of rockslides and rock avalanches

of different morphological types combined with impressive

neotectonic structure and evidence of the active tectonic
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processes that are considered to be one of the main triggering

factors of large-scale bedrock slope failures.

All these features have been examined by the participants

of the International Summer School on Rockslides and

Related Phenomena, an annual field training course that had

started in 2006, and was supported by the IPL-M-111 Project.

Since 2008 it has been supported by the IPL-106-2 Project.

During these years more than 50 participants from 17

countries—Argentina, Austria, Belgium, China and Hong

Kong, Czech Republic, France, Germany, Great Britain,

Italy, Kyrgyzstan, New Zealand, Russia, Switzerland, Spain,

Tajikistan and USA—participated in the ICL Summer School.

The field training course is the main activity of the WCoE

of the Kyrgyz Institute of Seismology (KIS) and Institute of

the Geospheres Dynamics of Russian Academy of Sciences

(IDG), an ICL member. Since 2011 the latter was replaced

by the Geodynamics Research Center, a branch of JSC

“Hydroproject Institute” (GRC).
Participants are provided with a detailed full-colour

Guidebook containing more than 130 photographs, maps

and schemes that describes all features investigated during

the field trips. The Guidebook is updated regularly being

complemented by new data, obtained during previous train-

ing courses. At the end of the training course all participants

receive special Certificates (Fig. 2).

Rockslide and Rock Avalanche Morphology

An abundance of rockslides that occurred on slopes of differ-

ent height and steepness and moved either across prominent

topographic lows or directly down-valley produced bodies of

different morphological types, allowing a classification based

on the longitudinal debris distribution and selection of

rockslide types irrespective of the terrain topography. It is

proposed that such debris distribution reflect the peculiarities

of the motion mechanism, allowing a better understanding of

the latter (Strom 1996, 2006). Features of all these types are

described in the guidebook and are visited during field trips.

We start by examining the morphological peculiarities of

bedrock landslides from the case studies of the most “sim-

ple”—Primary—type, which are characterized by distal

debris accumulation. An excellent example of this type is

the 3.2 km long Seit rock avalanche (1 on Fig. 1). The same

debris distribution is typical of several rockslides that had

moved across relatively narrow valleys and formed compact

dams with distinct proximal lowering—the Ak-Kiol (2 on

Fig. 1) and Mini-Köfels rockslides (3 on Fig. 1).
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Dj

K-T
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1
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Fig. 1 Large-scale 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. Case

studies described in the Summer

School Guidebook: 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; 17—Chaek; 18—1992

Suusamyr

Fig. 2 Participants of the 2012 Summer School with certificates on the

last day of this training course
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All rockslides of the Primary type are characterized by

distal debris accumulation along with the practical absence

of debris within the headscarp area (Strom 2013c).

The participants’ attention is drawn to the presence of

trimlines much above the top of the deposits showing that

rock avalanche debris had moved initially as a thick body

and later flowed out like a liquid (Strom 2013c).

Rock avalanches of the second morphological type—

Jumping—occur when the sliding surface at the source

zone comes out on the slope well above its foot. They are

exemplified by the Kashkasu (4 on Fig. 1) and Norther

Karakungey (5 on Fig. 1) rockslides that have compact

proximal and avalanche-like (mobile) distal parts. It is

hypothesized that the mobile part of such rockslide could

be formed by squeezing of the rockslide frontal part out from

under the following sliding mass that collapses from the

upper part of the source zone (Strom 2006, 2013c). A similar

longitudinal debris distribution can be observed at the

famous Elm rock avalanche caused by artificial slope

undercutting at a slate quarry (Heim 1882; Hsü 1975).

It is assumed that Jumping rockslides on natural slopes

could be triggered by seismic shaking, considering the well-

known effect of strong motion amplification at the upper

parts of topographic irregularities (Meunier et al. 2008;

Huang 2013).

Rock avalanches of the last—Secondary—morphological

type are exemplified by the Southern Karakungey (6 on

Fig. 1), the Chongsu (7 on Fig. 1), the Sarysu (8 on Fig. 1),

the Ming-Teke (9 on Fig. 1) and, likely, by the Lower Ak-

Kiol (10 on Fig. 1) rockslides. All these case studies are

ascribed to the “Classical” subtype of this morphological

type (Strom 2010). They form when rapidly moving debris

hits either the opposite slope of the valley at an angle that

differs from the perpendicular to the valley trend, or, some-

times, when it hits the valley bottom (Strom 2006, 2010).

One case study—the Snake-Head rock avalanche (11 on

Fig. 1)—is ascribed to the “Bottleneck” subtype, which

originates when a rockslide body passes through a sharp

narrowing on its way (Strom 2010).

Mobile “avalanche-like” parts of Secondary rock

avalanches often move in similar way to Primary rock

avalanches, forming debris accumulations at their distal

parts and leaving trimlines on slopes.

Internal Structure of Rockslide Bodies

Considerable attention during the training courses is paid to

the internal structure of large-scale rockslide bodies, espe-

cially the Kokomeren (13 on Fig. 1) and the Ornok (14 on

Fig. 1) rockslides, which had occurred on slopes composed

of variable and multi-colour lithologies (Strom 1994;

Abdrakhmatov and Strom 2006). Both were deeply dissected

by erosion providing excellent outcrops. It was found out

that debris, originating from different parts of the source

zone does not mix during the emplacement and forms

pseudo-stratified bodies preserving the succession of rock

types typical of the headscarp area.

Better understanding of the internal structure and grain-

size composition of rockslide bodies is critically important

for assessing the stability of rockslide dams and predicting

their breach mode (Dunning and Armitage 2011). Besides

visual inspection of the relationships between debris units

originating from different lithologies (Fig. 3) some

engineering-geological tests have been performed to measure

grain-size composition and permeability of the comminuted

lower part of the Kokomeren rockslide body (Fig. 4).

Fig. 3 Participants of the 2007 Summer School on top of the coarse

carapace of the Kokomeren rockslide

Fig. 4 Participants of the 2011 Summer School performing an in-situ

permeability test at the comminuted lower part of the Kokomeren

rockslide deposits. Plastic bottles were used to bring sufficient water

to the site, which is about 150 m above the river
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Peculiarities of the internal structure of large-scale

rockslide deposits (the above-mentioned “stratification”
and intensive crushing of the internal/lower units contrasting

to the coarse outer carapace) allow confident identification

of old rockslides, which have bodies that are so strongly

reworked by erosion that they can be hardly recognised

morphologically. In the study region it is exemplified by

the gigantic Displaced Peneplain rockslide (15 on Fig. 1),

about 0.5 km3, if not larger, in volume (Fig. 5).

This Pleistocene rockslide had blocked the Kokomeren

River and forced it to cut a new bypass section through the

left bank bedrock massif (Fig. 6). This case study is very

instructive and we always spend 1–2 days demonstrating

how to use structural peculiarities and the grain-size compo-

sition of the rockslide deposits to distinguish them from

material of other origin.

Evidence of River Damming and Outburst
Floods

Many rockslides in the Kokomeren River basin had dammed

rivers and formed temporary or long-lived lakes. Most of

them have been breached, though the lake dammed by the

abovementioned Kashkasu Jumping rockslide was silted up

completely forming an unusual forested planar area

surrounded by steep rocky cliffs.

The breach of some of the rockslide dames that had stored

a large amount of water was catastrophic and participants of

the Summer School are acquainted with impressive evidence

of powerful outburst floods allowing reconstruction of the

dam breach process and peak discharge assessment (Strom

2013a; Strom and Zhirkevich 2013).

Study of Paleoseismic Evidence

The study area provides impressive manifestations of Qua-

ternary tectonics and paleoseismic features. Surface ruptures

indicating recurrent Late Pleistocene and Holocene faulting

events associated with large earthquakes as well as the

1992 M7.3 Suusamyr earthquake surface rupture are shown

to the Summer School participants.

In 2012 the world-leading expert in paleoseismology,

Prof. James McCalpin, author of the famous

“Paleoseismology” text (McCalpin 2009) visited our train-

ing course (Fig. 7) and demonstrated some methods for

identifying and dating past surface ruptures.

In addition to surface ruptures, attention is paid to the

methods to prove the seismic origin of rockslides. An

approach based on joint analyses of indirect evidence

allow a well grounded assumption of seismic triggering of

bedrock slope failure and is exemplified by the Kokomeren

and Lower-Aral case studies (13 and 12 on Fig. 1). Indirect

evidence of rockslide seismic triggering are those indicating

slope failures within the area surrounding the rockslide in

question and closely timed to its formation. They could be

best identified at the outcrops of lacustrine sediments

accumulated in the lake dammed by the study rockslide

(Fig. 8), which accumulation starts from the first days to a

few years after the river damming event (Strom 2013b).

Some rockslides with seismic origin that can be neither

proved nor disproved at the present-day level of knowledge

are visited aswell. One of them is the gigantic Late Pleistocene

Aksu rockslide (Fig. 9) located north from the area shown on

Fig. 1. Usually we visited it on the way back from the

Kokomeren valley toBishkek, at the end of the training course.

Along with “typical” paleoseismic features there is an

unusual recent structure located west of the Kokomeren

River basin on top of the Santash Ridge, which forms the

right bank of the Naryn River valley. It is a unique Holocene

(?) caldera-like depression 3 � 2 km in size and up to 700 m

deep—the so called Kyzylkiol cavity (16 on Fig. 1). Its

formation was associated with the disappearance of about

3 km3 of rocks in the ridge’s interior. Strom and Groshev

(2009) hypothesized that this very mysterious feature could

reflect the final stage of evolution of a neotectonic detachment

anticline. As this site is rather distant from the main Summer

School area we did not visit it during past training courses but

its detailed description is included in the Guidebook.

Fig. 5 Participants of the 2008 Summer School in front of the

headscarp of the Pleistocene Displaced Peneplain rockslide
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Conclusions

A field training course in the Kokomeren River valley has

proved its efficacy and has been carried out annually

since 2006 (except in 2010, when it had to be cancelled

due to political crisis in Kyrgyzstan), attracting attention

of landslide researchers from different countries.

WCoE of KIS and GRC plan to run the Kokomeren

Summer School in the future as well. In addition, there are

plans to arrange a similar field training courses in the Alps,

where numerous classical rockslides cited in most

textbooks are located, to help researchers outside of Alpine

countries to learn more about these case studies and to

compare themwith bedrock landslides in their own regions.
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Rainfall Intensity and Duration for Debris Flow
Triggering in Peninsular Malaysia

Suhaimi Jamaludin, Che Hassandi Abdullah, and Norhidayu Kasim

Abstract

In response to the rising problems of debris flow events in Malaysia, the Public Works

Department of Malaysia (PWD), through the Slope Engineering Division, has decided to

carry out a study to comprehend the characteristics of debris flows in Peninsular Malaysia.

The relationship between rainfall patterns characterized by intensity and duration, and the

occurrence of debris flows, was analyzed. In this paper, four debris-flow events in Penin-

sular Malaysia are presented. The results indicate that the debris-flow events bear similar

characteristics to those discussed by other researchers throughout the world.
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Introduction

A debris flow is a fast-moving mass of unconsolidated,

saturated debris that can carry clasts ranging in size from

clay particles to boulders, and also often contains a large

amount of woody debris. It is normally triggered by high-

intensity rain. The speed of a debris flow varies depending

on the materials, steepness and travel distance of the flow.

The debris flow generally forms when unconsolidated mate-

rial becomes saturated and unstable. It is extremely destruc-

tive to life and property due to its rate of movement.

In Peninsular Malaysia at least eight significant debris-

flow occurrences have been reported (Table 1). The locations

of these debris-flow events are shown in Fig. 1.

In this paper only four of the occurrences will be

discussed; i.e. Lentang in Pahang (at km 52.4 of the Kuala

Lumpur—Karak Highway), Genting Sempah in Selangor (at

km 38.6 of the Kuala Lumpur—Karak Highway), Fraser’s
Hill in Pahang (from km 4 to km 5 of Gap-Fraser’s Hill

Road) and Gunung Pulai in Johor.

Description of Four Selected Debris-Flow
Occurrences in Peninsular Malaysia

Characteristics of the four debris flow are as follows:

Debris Flow at Lentang

The debris-flow event occurred on November 2, 2004,

resulting in the temporary closure of the Kuala Lumpur—

Karak Highway. The Malaysian Highway Authorities

(MHA) took a few days to clean all the mud, rocks, and

timber from the site. This incident occurred at km 52.4 from

Kuala Lumpur. The estimated losses due to this incident

were about RM 11.86 million. The flow initiated upstream,

then flowed down the channel and onto the road.
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The type of outcrop exposed at the site is deeply weath-

ered fine to medium grained granite. This site is located

within the main range granite of Peninsular Malaysia.

Photos taken after the debris flow indicate that the debris

contained mostly wood, mud and gravels, with a few

boulders (as shown in Figs. 2 and 3).

The mechanisms of the debris flow, based on the findings,

are as follows:

(a) The part of the alluvial cone near the exit of the channel

may have been the source of debris that was washed out

to the road.

(b) The debris flow mainly consisted of water and gravels

without many large boulders, since there was no damage

to trees in the channel.

(c) A ‘flash flood’ type of flow may have occurred in the

upper stream, washing out the fan deposits in the area

from the first Sabo dam to the end of the channel.

(d) Eventually, the debris flow spilled out to the highway

with wood and gravel (as illustrated in Fig. 4).

Debris Flow at Gunung Pulai

This debris flow occurred on December 28, 2001, and

claimed the lives of five residents during a tropical storm

that passed through Johor Bharu from 14:00 pm on Decem-

ber 27 to 2:00 am. The two-day cumulative rainfall prior to

the date of debris flow was 15 mm, and the total rain on

Fig. 1 Locations of the eight significant debris-flow occurrences in

Peninsular Malaysia

Table 1 Eight significant debris flow occurrences in Peninsular

Malaysia

Date of

occurrence Location

30-June-95 km 38.6, Kuala Lumpur-Karak Highway, Selangor

(Genting Sempah)

28-Dec.-01 Gunung Pulai, Kulai , Johor (Gunung Pulai)

10-Nov.-03 Section 23.3 to 24.10, Kuala Kubu Baru—Gap

Road, Selangor (Kuala Kubu—Gap)

10-Nov.-04 km 302, North South Expressway, Perak (Gunung

Tempurung)

2-Nov.-04 km 52.4, Kuala Lumpur-Karak Highway, Pahang

(Lentang)

12-Apr.-06 km 33, Simpang Pulai—Cameron Highland Road,

Perak (Simpang Pulai)

15-Nov.-07 km 4 to 5, Gap-Fraser’s Hill Road, Pahang (Fraser’s
Hill)

3 Jan.-09 Section 62.4, Lojing-Gua Musang Road, Kelantan

(Lojing)
Fig. 2 General view of the debris flow at Lentang

Fig. 3 The debris, consisting of wood, mud, and gravels without large

boulders, was removed to the opposite side of the highway (Lentang

event)
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December 28 was 90 mm. It has been suggested that strong

wind caused trees on the river banks to fall into the river to

form a natural dam, which breached, causing the debris flow.

The debris was composed of soil, mud, boulders and timber,

as shown in Fig. 5. The local rock was weathered granite of

Grades V and IV. Landslides occurred both in manmade and

natural slopes.

The increased in the water level of the river caused by

substances such as woody debris, boulders and soil, blocked

the bridge near houses. As a result of this phenomenon,

several houses were damaged and destroyed.

These areas are generally covered by granite, volcanic,

metamorphic and sedimentary rocks. The boundary between

granite rocks and volcanic rocks could be seen at the water-

fall. The slope angle where the failures occur is between 50�

to 70�.
The probable mechanism of the debris flow is as follows:

(a) Shallow failures scars are quite frequent in the initiation

area of the debris flow. Shallow failures of the weathered

granite slopes may have been the source of the relatively

large volume of sediment.

(b) It is unlikely that the large boulders had travelled down-

stream when the debris flow occurred on December 28,

2001, since the downstream gradient is less than 2�.
Hence, the damage in 2001 may be regarded as a result

of flooding due to the timber that clogged the bridge

(refer Fig. 6).

(c) It is to be noted that the same thing can happen again in a

similar storm.

Debris Flow at Fraser’s Hill

The debris flows at the Fraser’s Hill site are complex

because they occurred repeatedly. They were initiated by

retrogressive collapse of a slope at Section 5 (or 5 km) of the

FT 148 (Gap—Fraser’s Hill road) as shown in Figs. 7 and 8.
Debris flowed down a channel at high speed and severely

damaged the road at FT 55 (Gap-Raub), which lies

Fig. 4 Illustration of the Lentang event

Fig. 5 General view of the debris flow somewhere near to the bridge at

Gunung Pulai, Kulai, Johor

Fig. 6 Aerial view shows the course of the debris flow into the village

at Gunung Pulai, Kulai, Johor

Fig. 7 Aerial view of the road at FT 148 and FT 55, the impact of a

debris flow in February 2009
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approximately 300 m below the debris-flow source. Debris

flows occurred three times between November 2007 and end

of January 2009.

Fraser’s Hill is located in a large enclave of meta-

sedimentary rocks that was formed within the Main Range

granite (Roe 1951). The Main Range is a range of highlands

that divides the east and west of Peninsular Malaysia down

its centreline. The rocks are of shale, schist, phylite and

chert, with layers of metaquarzite and schistose coarse sand-

stone. The rock exposed at the site is granite. Based on

observation of granite samples, it was observed that quartz

grains are round, which may indicate that the rocks have

experienced tectonic activities such as faults or shears.

At the initiation area, the grade of weathering varies from

Grades III to VI. These areas have undergone severe physi-

cal weathering.

The mechanism of the debris flow is described below.

This mechanism is partially based on the aerial photographs

taken after the occurrence of a debris flow.

(a) Little sediment was found in the channel with slightly

weathered outcrop. The gradient is high, allowing the

debris to flow down to the deposition area near FT55

which is located downstream, without leaving sediment

in the channel.

(b) The debris flow occurred as intermittent multiple events.

In some cases slope failures may turn into debris flows,

while in some other cases, debris flows may occur as a

result of erosion of sediment in the channel.

Debris Flow at Genting Sempah

The debris-flow occurrence at Genting Sempah on June 30,

1995, resulted in 20 deaths, 22 people injured and some

vehicles damaged. Figure 9 shows an aerial photograph

taken after the event.

Intense, heavy rain saturated the residual soil, triggering

at least two major landslides upstream of one of the

tributaries of the Gombak River. The landslide material

entered the stream, forming a debris flow which subse-

quently scoured top soil and boulders in its path as it

moved downstream. Gravity increased the momentum of

the debris flow, thereby increasing the power to scour the

soil. The debris flow from the elevation of 800 m to 570 m

covers a length of approximately one kilometer, moving

about 3,000 m3 of debris.

This site is also located in the Main Range of the Penin-

sular Malaysia. Two types of rock are found at the sites,

namely volcanics and metasediments. The metasediments

are composed of highly fractured, massive and fine-grained

metasandstone, while the volcanic rocks comprise mainly

foliated rhyolite with phenocrysts of quartz and feldspar.

Observations along the stream indicate that the soil cover

is mainly of Silty to Clayey Sand with boulders of rock.

Rainfall Intensity and Duration Correlations for
Debris Flows in Peninsular Malaysia and
Comparison with Other Countries

In this study, rainfall data from four debris-flow occurrences

in Malaysia; i.e. Lentang, Genting Sempah, Fraser Hills and

Gunung Pulai were studied.

Comparison Between Worldwide Threshold
Data (Jakob et al. 2005) and Peninsular
Malaysian Data

Figure 10 indicates worldwide rainfall thresholds compiled

by Jakob et al. (2005) using the method established by Caine

(1980). The intensity; I is the maximum hourly rainfall

Fig. 9 General view of debris flow at Genting Sempah

Fig. 8 The damage at FT 55 from Gap to Raub on 6 February 2009
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(mm/h) that triggered failure, whereas D is the duration of

rainfall in hours.

The threshold by Caine (1980), Cancelli and Nova (1985)

and Ceriani et al. (1992) are global (i.e., they were prepared

using all worldwide data available at the time) (Caine 1980;

Innes 1983) or, for large areas with different soils, morphol-

ogy and rainfall characteristics (Ceriani et al. 1992). Local or

regional thresholds are from Larsen and Simon (1993), Can-

non and Ellen (1985), Wieczorek (1987), Wilson and

Wieczorek (1995) and Montgomery et al. (2000).

The maximum hourly rainfall depths and durations that

are correlated with the debris flows in Peninsular Malaysia

are plotted together with the intensity-against-duration

criteria to see which criterion can approximate the threshold

of failure events in Peninsular Malaysia (Fig. 10). These four

events shown in Fig. 10 were selected because hourly rain-

fall data on the dates of the debris-flow events were avail-

able. It shows that the series of points, given by Wilson et al.

(1992) are close to those of the four events in Malaysia.

The equation that represents the Wilson et al. (1992) data

point is expressed as:

Ip ¼ 121:4� D�0:602 ð1Þ

where Ip: Highest rainfall intensity during the rainfall event,

and D: Duration of the rain in hours.

As an example, the critical intensities are calculated for

the two sites using (1) as shown in Table 2. The

corresponding hourly rainfall curves for these two sites are

given in Figs. 11 and 12.

Comparison of Rainfall Intensity-Duration
Thresholds for Debris Flows in Europe and in
Malaysia

Jakob and Hungr (2005) used data collected from the Alps,

the Pre-Alps and the Sarno region of Italy in the develop-

ment of thresholds. The intensity; I is the highest rainfall

intensity during the series of rainfall. Data points are

Fig. 10 Intensity-duration plots (Jakob et al. 2005) with rainfall data

for debris-flow sites in Malaysia

Table 2 Calculated and recorded critical intensity for a given duration

Location Duration (h)

Critical intensity (mm)

Calculated Recorded

Gunung Pulai 24 18 20

Genting Sempah 3 62 55

3.2 days (including antecedent rainfall)

9 15 21 3 9 15 3 9 15 3 9 15 212121 3

12_Genting-D3317004
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Fig. 11 Duration of rainfall and accumulated rainfall depth of Genting

Sempah
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Fig. 12 Duration of rainfall and accumulated rainfall depth of Gunung

Pulai
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differentiated with respect to number or density of

landslides.

Rainfall intensity-duration data that triggered sediment-

related disasters (landslides, debris flows, etc.) in Peninsular

Malaysia are compared with the rainfall intensity-duration

threshold in Europe.

Data were compared either for: (1) the rainfall intensity-

duration relationship in a series of rainfall events; or (2) the

rainfall intensity-duration relationship for about three days

including antecedent rainfall. Figure 13 shows European

data (from the disasters occurring in the Alps and in Sarno

in Italy) and Peninsular Malaysian data for comparison. Data

based on (1) are shown in red, whereas those based on (2) in

blue. As shown in the figure, Malaysian threshold values

generally lie at the upper limits of European threshold

values.

Conclusions

The studies carried out at the four locations indicate that

initiation sites were located in the residual soils of igne-

ous rock (granitic or rhyolite) formations or at the bound-

ary with a meta-sedimentary formation.

Comparison between worldwide threshold data com-

piled by Jakob et al. (2005) and Peninsular Malaysian

data shows that the trigger thresholds are generally higher

for Malaysia.

Comparison of rainfall intensity-duration threshold for

debris flow in Europe based on works by Jakob and Hungr

(2005) and four sites in Peninsular Malaysia shows that

Malaysian data plot around the threshold at the upper

limits of the European data.

References

Caine N (1980) The rainfall intensity – duration control of shallow

landslides and debris flows. Geogr Ann, Phys Geogr 62A:23–27

Cancelli A, Nova R (1985) Landslides in soil debris cover triggered by

rainstorms in Valtellina (central Alps, Italy). In: Proceedings of 4th

international conference on landslides. Japanese Landslide Society,

pp 267–272

Cannon SH, Ellen S (1985) Rainfall conditions for abundant debris

avalanches in the San Francisco Bay region, California. Calif Geol

38(12):267–272

Ceriani M, Lauzi S, Padovan N (1992) Rainfalls and landslides in the

Alpine area of Lombardia Region, Central Alps Italy. In:

Proceedings of the international symposium “Interpraevent”, vol
2, pp 9–20

Innes J (1983) Debris flows. Progr Phys Geogr 7:469–501

Jakob M, Hungr O (2005) Debris-flow hazards and related phenomena.

Springer, Heidelberg

Jakob M, Bovis M, Oden M (2005) The significance of channel

recharge rates for estimating debris flow magnitude and frequency.

Earth Surf Process Landf 30:755–766

Larsen MC, Simon A (1993) A rainfall-intensity duration threshold for

landslides in a humid-tropical environment, Puerto Rico. Geogr

Ann 75A(1/2):13–23

Montgomery DR, Schmidt KM, Greenberg HM, Dietrich WE (2000)

Forest clearing and regional landsliding. Geology 28(4):311–314

Roe FW (1951) “The geology and mineral resources of Fraser’s Hill
area Selangor, Perak, Pahang, Federation of Malaya, with an

account of mineral resources”, Memoir No. 5, Geology Survey

Department, Federation of Malaya

Wieczorek GF (1987). Effect of rainfall intensity and duration on debris

flows in central Santa Cruz Mountains, California. In: Costa JE,

Wieczorek GF (eds) Debris flows/avalanches: process, recognition

and mitigation (Reviews in Engineering Geology No. 7: 93–104).

Geological Society of America, Boulder, CO

Wilson RC, Wieczorek GF (1995) Rainfall thresholds for the initiation

of debris flows at La Honda, California. Environ Eng Geosci 1

(1):11–27

Wilson RC, Torikai JD, Ellen SD (1992). Development of rainfall

warning thresholds for debris flows in the Honolulu District, Oahu

(USGS Open-File Report 92-521, 45 pp). US Geological Surveys,

Reston, VA

Fig. 13 Comparison between plots by Jakob and Hungr (2005) and

rainfall data of four (4) sites in Peninsular Malaysia

172 S. Jamaludin et al.



Part III

Thematic and Regional Networks on Landslides



Introduction: Thematic and Regional Networks on
Landslides

Snježana Mihalić Arbanas, Kaoru Takara, N.M.S.I. Arambepola,
and Renato Eugenio de Lima

Abstract

This is a short introduction to Part II of this volume which includes background information

about establishment of regional and thematic networks by the International Consortium on

Landslides (ICL) and summarized overview of nine ICL networks established in the period

2012–2013, as well as contributions fromWLF3 Session A2. Papers included in this part of

the volume represent the most important activities of the following networks: ICL Latin

America Network (ICLLAN), South-East Asian Network for Landslide Risk Management,

ICL Adriatic-Balkan Network (ICL ABN) and ICL thematic network on Landslide Moni-

toring and Warning (ICL LaMaWaTheN).

Keywords

WLF3 � ICL regional networks � ICL thematic networks � ICLLAN � ICL ABN � ICL
LaMaWaTheN

Background

International Consortium on Landslides (ICL) decided to

establish thematic and regional networks at the 10th Session

of Board of Representatives of ICL held in Rome (Italy) on 5

October 2011. The main goal was to intensify collaboration

within ICL members and cooperation with non-ICL

organizations, as well as to enhance thematic and regional

activities of the ICL. First eight network proposals had been

approved at the 10th ICL anniversary meeting held on 17–20

January 2012 in Kyoto. ICL networks are considered to have

one of the key functions in the development of ICL in the

next decade, according to “ICL Strategic Plan 2012–2021—

To create a safer geo-environment”.
In the period 2012–2014 nine ICL networks have been

established, listed in Tables 1 and 2. Four regional networks

include 27 ICL members (5 World Centers of Excellence,

WCoE 2011–2014) from 17 countries: Albania, Brazil,

China, Chinese Taipei, Columbia, Croatia, Honduras,

Indonesia, Japan, Korea, Malaysia, Mexico, Peru, Serbia,

Slovenia and Thailand. Five thematic networks include 22

ICL members (10 WCoE 2011–2014) from 16 countries.

They cooperate with 12 non-ICL members, i.e., institutions

and organizations from academic, governmental and the

private sector, on the subjects related to research on targeted
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landslides (landslides in the cold regions and in cultural or

natural heritage environments); landslide monitoring; land-

slide risk management; and capacity development.

Overview of ICL Networks

A comprehensive overview of nine ICL regional and the-

matic networks is given below, according to data from

networks’ proposals and annual reports for 2012.

Adriatic-Balkan Network

Coordinator: Snježana Mihalić Arbanas

Co-coordinators: Željko Arbanas, Biljana Abolmasov

ICL Member Organizations involved in the Network:

Faculty of Civil Engineering, University of Rijeka, Rijeka,

Croatia; Faculty of Mining, Geology and Petroleum Engi-

neering, University of Zagreb, Zagreb, Croatia; Faculty of

Civil and Geodetic Engineering, Ljubljana, University of

Ljubljana, Ljubljana, Slovenia (WCoE 2011–2014); Faculty

Mining and Geology University of Belgrade, Belgrade,

Serbia; Geological Survey of Slovenia, Ljubljana, Slovenia;

Albanian Geological Survey; Emergency Management

Office, City of Zagreb, Zagreb, Croatia.

Objectives for the initial 3 years: The general objective

is advancing landslide science and its practical application in

the region for the benefit of society and the environment.

Specific objectives are (1) to set up scientific and legislative

background for regional cooperation; (2) regional unifica-

tion of information about landslides and landslide research at

national levels; and (3) development of landslide science by

capacity building at regional level and practical applications

of outcomes to societies in the region.

Latin America Network

Coordinator: Irasema Alcántara-Ayala

Deputy coordinator: Renato Eugenio de Lima

ICL Member Organizations involved in the Network:

Institute of Geography, National Autonomous University of

Mexico (UNAM), Mexico City, Mexico (WCoE

2011–2014); Center for Scientific Support in Disasters, Fed-

eral University of Paraná (UFPR), Curitiba, Brazil;

GRUDEC AYAR, Cusco, Peru; Universidad Politécnica de

Ingenierı́a (UPI), Tegucigalpa, Honduras; Universidad

Nacional de Colombia, Bogotá, Colombia.

Objectives for the initial 3 years: (a) Setting up a data-

base of experts of landslides in the region; (b) Identifying the

areas of landslide expertise of the participants; (c)

Table 1 Regional ICL networks established in the period 2012–2013

ICL network title

Network coordinator

Co-cordinator(s)/Deputy coordinator(s)

Adriatic-Balkan Network Coordinator: Snježana Mihalić Arbanas

Co-coordinators: Željko Arbanas, Biljana Abolmasov

Latin America Network Coordinator: Irasema Alcántara-Ayala

Deputy coordinator: Renato Eugenio de Lima

North-East Asia Network Coordinator: Kaoru Takara

Deputy coordinators: Sangjun Im, Xiaochun Li

South-East Asian Network for Landslide Risk Management Coordinator: N.M.S.I. Arambepola

Deputy Coordinator: Ko-Fei Liu

Table 2 Thematic ICL networks established in the period 2012–2013

Network on Landslide Risk Management

Coordinator: Surya Parkash

Deputy coordinator: Dwikorita Karnawati

Capacity Development Network Coordinator: Dwikorita Karnawati

Deputy coordinators: Yin Yueping, Irasema Alcántara-Ayala

Landslides in Cold Regions Network Coordinator: Wei Shan

Deputy coordinators: Alexander Strom, Hideaki Marui

Landslides and Cultural and Natural Heritage Network Coordinator: Claudio Margottini

Co-coordinator: Vit Vilimek

Landslide Monitoring and Warning Network Coordinator: Matjaž Mikoš

Deputy coordinators: Hirotaka Ochiai, Željko Arbanas
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Establishing a programme of necessities and priorities to be

addressed; (d) Organizing a summer/winter school of

landslides for young students/researchers, and landslide

workshops; (e) Strengthening activities associated to land-

slide capacity building within Universities and governmen-

tal institutions; (f) To facilitate scientific support during and

after landslide disasters.

North-East Asian Network

Coordinator: Kaoru Takara

Deputy coordinators: Sangjun Im, Xiaochun Li

ICL Member Organizations involved in the Network:

Korea Institute of Geoscience and Mineral Resources

(KIGAM); Korean Society of Forest Engineering; China

Geological Survey; Northeast Forestry University; Bureau

of Land and Resources of Xi’an; Institute of Mountain

Hazards and Environment, Chinese Academy of Sciences;

Japan Landslide Society (WCoE 2011–2014); University of

Tokyo, Geotechnical Engineering Group, Civil engineering;

Niigata University, Research Institute for Natural Hazards

and Disaster Recovery (WCoE 2011–2014); Forestry and

Forest Product Research Institute; Disaster Prevention

Research Institute (DPRI), Kyoto University, Japan; Depart-

ment of Forest Sciences, College of Agriculture and Life

Sciences, Seoul National University, Korea.

Objectives for the initial 3 years: The general objective

is to promote the research on landslides triggered by earth-

quake, rainfall and their combination. Specific objectives are

(1) promote international cooperation on landslide research

triggered by earthquake, rainfall and their combination. (2)

supply training course for landslide disaster mitigation. (3)

Capacity building for areas and regions facing landslide

problems.

South-East Asian Network for Landslide Risk
Management

Coordinator: N.M.S.I. Arambepola

Deputy coordinator: Ko-Fei Liu

ICL Member Organizations involved in the Network:

National Taiwan University; Gadjah Mada University,

Indonesia (WCoE 2011–2014); Asian Disaster Preparedness

Center, Thailand (WCoE 2011–2014); Slope Engineering

Branch, Public Works Department Headquarters, Malaysia.

Objectives for the initial 3 years: Long term goal of the

network is to contribute to the Hyogo Framework for Action

(HFA) by sharing experience, knowledge and expertise

through networking in the area of landslide risk management

technology applications for disaster risk management and

sustainable development in mountainous areas of South-East

Asia. The international exchange and collaboration in land-

slide risk management practice and applied research is of

utmost importance for meeting the future national, regional

and global environmental challenges and their

consequences. South-East Asian Network for Landslide

Risk Management promotes and facilitates regional collab-

oration for applied research, exchange of experiences,

knowledge sharing and initiate interventions for capacity

building through active involvement of landslide risk man-

agement practitioners in South-East Asia to support effective

implementation of the Hyogo Framework for Action.

Network on Landslide Risk Management

Coordinator: Surya Parkash

Deputy coordinator: Dwikorita Karnawati

ICL Member Organizations involved in the Network:

National Institute of Disaster Management, New Delhi,

India (WCoE 2011–2014); Gadjah Mada University,

Indonesia (WCoE 2011–2014); Geological Survey of

Canada (WCoE 2011–2014); Institute of the Geospheres

Dynamics, Russian Academy of Sciences, Russia (WCoE

2011–2014); University of Florence, Italy (WCoE

2011–2014); Building and Housing Research Centre, Iran;

Institute of Geography, UNAM, Mexico (WCoE

2011–2014).

Objectives for the initial 3 years: (1) To invite partici-

pation and contribution on landslide risk management from

different stakeholders in various sectors/entities throughout

the world; (2) To create a thematic network of people,

organizations, institutes, governments, societies etc. with a

view to coordinate and integrate their efforts towards land-

slide risk reduction; (3) To collect, compile and disseminate

information, knowledge, ideas, innovations and experiences

related to landslides risk management for socio-economic

and environmental safety as well as development; (4) To

facilitate sharing, exchange and transfer of socio-cultural,

scientific, technological, administrative, legal practices for

promoting good practices and discouraging the bad

practices; (5) To document all the activities done by the

network.

Capacity Development Network

Coordinator: Dwikorita Karnawati

Deputy coordinator: Yin Yueping, Irasema Alcántara-

Ayala

ICL Member Organizations involved in the Network:

Gadjah Mada University, Indonesia (WCoE 2011–2014);
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Institute of Geography at the National Autonomous Univer-

sity of Mexico (UNAM) (WCoE 2011–2014); China Institute

of Geo-environmental Monitoring (Center of Geohazards

Emergency, MLR); National Institute of Disaster Manage-

ment, New Delhi, India (WCoE 2011–2014); Disaster Pre-

vention Research Institute (DPRI), Kyoto University, Japan;

Geodynamic Research Center, JSC “Hydroproject Institute”,
Russia; International Institute of Earthquake Engineering and

Seismology (IIEES), Iran; Central Engineering Consultancy

Bureau (CECB), Sri Lanka.

Objectives for the initial 3 years: (a) Capacity develop-

ment with respect to landslide risk reduction such as through

courses/training, summer camp, expert and student

exchanges; (b) Establishment of knowledge management

system to support the capacity development program in

landslide risk reduction, such as via the E-learning system.

Landslides in Cold Regions Network

Coordinator: Wei Shan

Deputy coordinators: Alexander Strom, Hideaki Marui

ICL Member Organizations involved in the Network:

Northeast Forestry University, China; JSC “Hydroproject
Institute”, Russia; Research Institute for Natural Hazards

and Disaster Recovery, Niigata University, Japan (WCoE

2011–2014); Geological Survey of Canada (WCoE

2011–2014); Department of Earth Sciences, University of

Florence, Italy (WCoE 2011–2014); Department of

Geosciences, Shimane University, Japan; College of Con-

struction Engineering, Jilin University, China; College of

Geology Engineering and Geomatics, Chang’an University,

China; Department of Geography, University of Zurich,

Switzerland; Ministry of Forests, Lands and Natural

Resource Operations, Canada; Earth Cryosphere Institute

SB RAS, Russia; Georadar Division, IDS Ingegneria Dei

Sistemi S.p.A. Italy.

Objectives for the initial 3 years: (1) To establish

specialized agency under ICL; (2) Relying on financial sup-

port from both IPL project and government, corporate proj-

ect, to convene regular meetings, to organize on-site visits,

to exchange research results, and to train relevant persons;

(3) To establish more landslide project in cold regions, and

to enrich the cold regions landslide research results further.

Landslides and Cultural and Natural Heritage
Network

Coordinator: Claudio Margottini

Co-coordinator: Vit Vilimek

ICL Member Organizations involved in the Network:

ISPRA Geological Survey of Italy; Charles University in

Prague, Faculty of Science, Department of Physical Geogra-

phy and Geoecology (WCoE 2011–2014); Bratislava Uni-

versity, Slovack Republic; Cairo University, Egypt; Gadjah

Mada University, Indonesia (WCoE 2011–2014); University

of Florence, Italy (WCoE 2011–2014); Geological Survey of

Canada (WCoE 2011–2014); National Agency for Cultural

Heritage Preservation of Georgia, Georgia; University of

Capetown, Institute of Geomatic, South Africa.

Objectives for the initial 3 years: (1) To develop an

emergency intervention group for the safeguard of natural

and cultural heritage at risk in different part of the word; (2)

To promote a culture of resilience for the protection of

natural and cultural heritage from landslide hazard; (3) To

develop low environmental impact approach, monitoring

and solutions for safeguard of natural and cultural heritage

from landslide hazards.

Landslide Monitoring and Warning Network

Coordinator: Matjaž Mikoš

Deputy coordinators: Željko Arbanas, Hirotaka Ochiai

ICL Member Organizations involved in the Network:

Charles University, Faculty of Science, Department of Phys-

ical Geography and Geoecology, Czech Republic (WCoE

2011–2014); Comenius University, Faculty of Natural

Sciences, Department of Engineering Geology, Bratislava,

Slovakia; Croatian Landslide Group from Faculty of Civil

Engineering, University of Rijeka, Croatia & Faculty of

Mining, Geology and Petroleum Engineering, University of

Zagreb, Croatia; Forestry and Forest Product Research Insti-

tute, Tsukuba, Japan; Gadjah Mada University, Faculty of

Engineering, Department of Civil and Environmental Engi-

neering, Yogyakarta, Indonesia (WCoE 2011–2014); Geo-

logical Survey of Slovenia, Ljubljana, Slovenia; Geo-Tools,

NGO, Zdiby, Czech Republic; Kokusai Kogyo Co., Ltd.,

Tokyo, Japan; Public Works Department of Malaysia,

Slope Engineering Branch, Kuala Lumpur, Malaysia; Uni-

versity of Florence, Department of Earth Sciences, Italy

(WCoE 2011–2014); University of Ljubljana, Faculty of

Civil and Geodetic Engineering, Ljubljana, Slovenia

(WCoE 2011–2014); University of Niigata, Research Center

for Natural Hazards & Disaster Recovery, Niigata, Japan

(WCoE 2011–2014).

Objectives for the initial 3 years: The general objective

is to compare experiences in the field of landslide monitor-

ing and installed early warning systems for active landslides

in different regions of the world. This objective is to be

achieved by: (1) setting up of a dedicated web page (within

IPL web pages) showing advanced landslide monitoring

techniques and by giving a short overview of selected

installed monitoring systems for active landslides in the

world; and (2) preparing a series of review papers for the
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journal Landslides covering the themes of the network and

being prepared jointly by the members of the network

(strong international cooperation).

Overview of WLF3 Session A2

ICL Regional Networks

(Alcántara-Ayala et al. 2014) present an overview of the two

main activities of the ICL Latin America Network

(ICLLAN) in 2013: First Central American and Caribbean

Congress on Landslides held in Tegucigalpa, Honduras on

March 20–22, 2013; the International Course-Workshop

FORIN-Forensic Investigations of Disasters associated

with landslides held in Tuxtla Gutiérrez Chiapas, Mexico

on June 24–July 5, 2013. The First Central American and

Caribbean Congress on Landslides was hosted by the Engi-

neering Polytechnic University (UPI) together with the pre-

congress seminar “Introduction to Landslide Identification,

Assessment and Mitigation Measures” (16–19, March,

2013) which was attended by 33 professionals and engineer-

ing students. The FORIN Course-Workshop was hosted by

Universidad de Ciencias y Artes de Chiapas (24–25, June

2013) and it was attended by 25 young scientists from seven

Latin-America countries: Argentina, Brazil, Colombia,

Guatemala, Mexico, Panama and Venezuela. ICCLAN is

currently commited to strengthening collaboration among

Latin American countries by reinforcing capacity building

and promoting integrated disaster risk research on

landslides. The paper also briefly introduces landslide haz-

ard and risk evaluation in several municipalities of

Colombia, using a deterministic approach.

(Arambepola 2014) provides a short overview of network

objectives, past collaborative efforts of the network

members, and expected results, as well as current and

planned activities of the South-East Asian Network for

Landslide Risk Management. The paper describes in more

detail a summer training course on “Slope and Landslide

Disaster Reduction” hosted by National Taiwan University

in Taipei, Taiwan, held on August 4–16, 2013. The course

was attended by around 35 participants from Afghanistan,

Bangladesh, Bhutan, China, India, Indonesia, Iraq, Japan,

South Korea, Lao PDR, Madagascar, Nepal, Nigeria, Sri

Lanka, Thailand, and Vietnam. There were three field visits

organized during summer training course: (1) Xiaolin village

landslide in Kaohsiung County, Taiwan; (2) 921 Earthquake

Museum of Taiwan; and (3) Chiu-fen-erh-shan landslide

(located 12 km to the north of the 921 earthquake epicentre).

Taiwan National University, by organizing the summer

school, has created a unique opportunity for sharing experi-

ence and knowledge in landslide risk management with

landslide practitioners from Asia. It will also provide

assistance to the ICL South-East Asian Network in

organizing other planned symposia, workshops and network

meetings in 2015/2016.

(Arbanas et al. 2014) briefly present an overview of the

main ICL Adriatic-Balkan Network (ICL ABN) activities in

the period from the beginning of 2012 till the end of 2013.

One of the main ICL ABN activities was launching regional

thematic conferences on landslides by organizing the 1st

Regional Symposium on Landslides in the Adriatic-Balkan

Region (1st ReSyLAB) in Zagreb (Croatia) on March 6–9,

2013. More than 110 participants from 12 countries

(regional countries: Albania, Bosnia and Herzegovina,

Bulgaria, Croatia, Kosovo, Macedonia, Slovenia, Serbia,

Romania; and Japan, Russia, Vietnam) presented 77 scien-

tific and professional papers. This paper describes in more

detail the symposium technical sessions and side events

(field trip to the Kostanjek landslide, two round tables,

photo exhibition ‘Living with landslides’ and book promo-

tion) of the 1st ReSyLAB, which were hosted by the Univer-

sity of Zagreb and the City of Zagreb. The social and

technical program of the symposium enabled to the

participants from nine regional countries to share their

experiences about local landslide research at the regional

level and enhanced establishment of relations between sci-

entist in the region, which are important for future coopera-

tive research and capacity building. The paper also shortly

introduces the Croatian Landslide Portal (CLP), which has

been available at the web address http://www.klizista-hr.

com from July 2013; it will serve for dissemination of

information on regional collaboration.

ICL Thematic Network

(Maček et al. 2014) present basic information about the ICL

thematic network on Landslide Monitoring and Warning

(ICL LaMaWaTheN), together with a description of the

concept of a landslide monitoring database. One of the

planned activities of the ICL LaMaWaTheN is to establish

a web-based database entitled the World Report on Land-

slide Monitoring Sites (WRLMS), presenting the installed

monitoring systems on landslides around the world, with

links to web pages presenting the active monitoring of

landslides. The paper describes in more detail terminology

for landslide description and the description of the landslide

monitoring techniques which will be used for database

development. Data collection is planned through a question-

naire available at the official IPL web server. This landslide

monitoring database is assumed to be a companion database

to the already established World Report on Landslides

(WRL; available at: http://iplhq.org/category/iplhq/world-

report-on-landslides/). The specific objective of this ICL

LaMaWaTheN activity is to establish a framework which
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will enable people to gain a broader knowledge of the

expertise on the topic of landslide monitoring available in

the world.
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The ICL Latin American Network: Past Activities
and Challenges Ahead

Irasema Alcántara-Ayala, Raúl Carreño, Guillermo Ávila, and Anı́bal Godoy

Abstract

Landslide disasters have major impact in developing countries due to the social vulnerabil-

ity of communities and the lack of integrated risk research. In the last decades landslide

disasters in Latin America triggered by precipitation, earthquakes volcanic eruptions and

the built environment, have increased considerably. Therefore, scientific contributions

towards reducing vulnerability of exposed communities to landsliding are quite urgent.

The International Consortium of Landslides Latin American Network (ICCLAN) is cur-

rently under the commitment of strengthening collaboration among Latin American

countries in the field of integrated disaster risk research on landslides through a multi and

trans-disciplinary approach. Aiming at achieving such commitment, the organisation of

two main activities has taken place in 2013. First of all, the First Central American and

Caribbean Congress on Landslides was held in Tegucigalpa, Honduras. Secondly, an

International Workshop on Forensic Investigations of Disasters (FORIN) associated with

Landslides was also organised (Tuxtla Gutiérrez, Chiapas, México). Additional activities

carried out in Colombia were included.

The objectives of ICL Latin American network (ICLLAN) include (a) Setting up a

database of experts on landslides in the region; (b) Identifying the areas of landslide expertise

of the participants; (c) Establishing a programme of necessities and priorities to be addressed;

(d) Organizing a summer/winter school of landslides for young students/researchers, and

landslide workshops; (e) Strengthening activities associated with landslide capacity building

within Universities and governmental institutions; and (f) Facilitation of scientific support

during and after landslide disasters.

Keywords

Landslide disasters � Risk assessment � Latin America � Caribbean region

Introduction

Landslide disasters in Latin America have increased during

the last decades. Examples include the consequences of

hurricane Mitch in 1998, which were devastating in Central

America, and particularly in Nicaragua and also in

Honduras, a country that has been considered by the United

Nations as the third most vulnerable, world-wide.

In almost all the Latin American region, landslide

disasters are increasing as result of unsustainable develop-

ment policies. Most of the cities do not have risk maps and
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Circuito Exterior s/n, México, México
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also there is a lack of expertise in many areas to assess and to

evaluate mass movement potential zones. There is a clear

need to share capacity and experiences to improve the Latin

America programmes for landslide disasters reduction.

First Central American and Caribbean Congress
on Landslides

The Congress

The First Central American and Caribbean Congress on

Landslides took place in Tegucigalpa, Honduras, from

March 20 to March 22, 2013. It was hosted by the Engineer-

ing Polytechnic University (UPI-Universidad Politécnica de

Ingenierı́a). Support for the organisation was kindly

provided by the Japan International Cooperation Agency

(JICA), the International Consortium of Landslides (ICL),

Honduran Civil Engineering Association (CICH), and some

others institutions including the PanAmerican Union of

Engineering Organizations (UPADI), the Federation of

Engineering Organizations of Central America and Panama

(FOICAP), Honduran Geoscience Institute, and the Center

for Disaster Management Information Research of Ehime

University in Japan (Figs. 1, 2 and 3).

The objectives of the Congress were: (1) Strengthening

and promoting the study of landslides in Honduras and the

whole Central American and Caribbean Region; (2) Sharing

state-of-the-art landslide knowledge, including strengths and

weaknesses; (3) Experience exchange; (4) Commitment and

organization of future landslide events for Latin America

and the Caribbean region.

Topics considered included: landslide typology, case

studies, landslides disasters, urban landslides, human-made

landslides, landslides and mining, landslide mapping and

GIS, landslides and infrastructure, mitigation measures,

landslides and planning, and landslides and watershed

management.

The Seminar “Introduction to Landslide
Identification, Assessment and Mitigation
Measures”

From 16 to 19, March, 2013, as the main pre-activity to the

First Central American and Caribbean Congress on

Landslides, the ICL Latin American network (ICLLAN)

organised the Seminar, Introduction to landslide identifica-
tion, assessment and mitigation measures. The seminar took

place in the Polytechnic University of Engineering—UPI, and

was attended by 33 professionals and engineering students.

Fig. 1 Opening ceremony of the First Central American and Carib-

bean Congress (from Facebook-Congress page)

Fig. 2 Certificates were provided to participants by ICLLANmembers

(from Facebook-Congress page)

Fig. 3 Activities during the Seminar and Congress included landslide

information dissemination through different media (from Facebook-

Congress page)
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The ICLLAN seminar comprised different topics as

follows (1) Introduction to Disaster Risk Reduction

associated with slope instability; (2) Hillslope instability:

causes and mechanisms involved;(3) Landslide taxonomy;

(4) Landslides in Honduras; (5) Mitigation measures; and (6)

Landslide identification, mapping and monitoring.

At the end of the seminar, on March 18, 2013, a field trip

to El Playon at Ajuterique, Comayagua was organised. In

that area it was possible to observe and discuss the occur-

rence of a large landslide.

Forensic Investigations of Disasters Associated
with Landslides

Introduction

The International Course-Workshop on Forensic

Investigations of Disasters (FORIN) associated with

landslides took place at Universidad de Ciencias y Artes de

Chiapas, Tuxtla Gutiérrez Chiapas, Mexico during June

24–July 5, 2013 (Fig. 4). The main objective of the work-

shop was to share FORIN, a methodology proposed by the

program on Integrated Research on Disaster Risk (IRDR), in

order to understand the complex and underlying causes of

disasters (Burton, 2010; IRDR 2011, 2013). The course was

directed to young scientists and students from all disciplines

related to the field of disaster risk reduction. Participants are

expected to apply the FORIN methodology through study

cases in different Latin-American countries (Fig. 5)

(Alcántara-Ayala and Oliver-Smith 2014).

The workshop was sponsored by the International Coun-

cil of Science (ICSU) and the International Geographical

Union (UGI). It was supported by the ICSU program on

Integrated Research on Disaster Risk (IRDR), the ICSU

Regional Office for Latin America and the Caribbean

(ICSU-ROLAC), the Mexican Academy of Sciences, the

International Consortium on Landslides (ICL), the National

Autonomous University of Mexico, the University of

Sciences and Art of Chiapas, and the National Center for

Disaster Prevention (CENAPRED) (Alcántara-Ayala and

Oliver-Smith 2014).

Twenty five young scientists from different countries of

Latin-America participated in the workshop. They included

Argentina, Brazil, Colombia, Guatemala, Mexico, Panama

and Venezuela. Scientific backgrounds of participants were

variable. They comprised fields in both natural and social

sciences, such as Geological Engineering, Geophysics,

Geography, Anthropology, Politics Sciences, Architecture,

Sustainable development, planning and environmental

sciences. There was a gender balance since participants

were 13 males and 12 females (Fig. 6).

Workshop activities included a series of lectures,

presentations of individual projects, working groups,

interviews with local media, fieldwork in a local community

threatened by landslides (Fig. 7), and final project proposals.

Fig. 4 Conference on Integrated Research for Disaster Risk applied to

landslides

Fig. 5 FORIN workshop activities

Fig. 6 Participants of the FORIN Workshop
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Study cases incorporated the disasters of Yungay, Perú,

1970; hurricane Mitch in Honduras, 1998; hurricane Katrina,

New Orleans, 2005; and the earthquake of Haiti, 2010, and

others. Particular attention was paid to different aspects of

the theory associated with the social construction of

disasters, vulnerability analysis, landslide hazard assess-

ment, field evaluation of landslides and mapping, displace-

ment and resettlements, risk reduction and integrated

research on disaster risk (Alcántara-Ayala and Oliver-

Smith 2014).

Landslide Assessment in Colombia

Landslide hazard and risk evaluation has taken place in

several municipalities of Colombia. It involved the multi-

disciplinary work of engineers, geologists, social workers

and GIS experts. Physical or structural vulnerability, as

well as social vulnerability has been evaluated by consid-

ering surveys and detailed interviews of a certain number

of families and houses that provide a representative

sample.

Landslide hazard has been evaluated deterministically,

that is to say, factors of safety of the slopes and a risk matrix

that can be related to vulnerability and hazard. Direct com-

munication with communities and local authorities has been

very useful in these studies since a true representation of the

results can be easily noticed. The produced risk maps will

serve as tools to elaborate on the plans of expansion and

land-use planning.

One of the studied municipalities, Guayabetal, is

situated in a seismically active region about 80 km south

of Bogotá (Fig. 8). The urban area is topographically

constrained by a deep river channel and very steep slopes.

Precarious housing is located on unstable escarpments,

where rainfall is higher than 4,000 mm per year. In July,

2013 a landslide and rock-fall (Fig. 9) occurred affecting

approximately 20 houses, and fortunately there were no

casualties. Risk analysis carried out for this area suggested

that mitigation works would be more expensive than relo-

cation of affected families.

Conclusions

Landslide disaster risk reduction focuses on the necessity

to develop and implement integrated landslide research

for disaster risk from a multi- and trans-disciplinary

scheme to support and help societies. Understanding

risk and investigating both natural and social spheres of

disasters are essential practices for disaster risk reduction.

Integrated risk research should be therefore viewed as a

Fig. 7 Fieldtrip to Las Cuevas del Jaguar landslide Fig. 8 Guayetabal municipality: unstable vegetated slopes

Fig. 9 Rock-fall at Guayetabal municipality

184 I. Alcántara-Ayala et al.



key element for sustainable development, principally in

vulnerable communities that have been frequently

exposed to several hazards.

Consequently, reinforcing capacity building and pro-

moting integrated disaster risk research on landslides

would be the major challenge to be faced by our network

as it could help to reduce vulnerability in the Latin-

American region.
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A South-East Asian Network for Landslide Risk
Management for Regional Collaboration

N.M.S.I. Arambepola

Abstract

Increasing landslide disaster risk is a global concern, but in South East Asia the situation is

pressing. South East Asia is receiving a disproportionately large share of landslide disasters

within Asia. It is therefore important to bring the regional landslide risk management

community together to collaborate with other stakeholders, allowing everyone to profit

from each other’s knowledge and experiences for mutual benefit.

The mountainous areas in South East Asia are undergoing rapid change due to develop-

ment interventions; as a result, human habitat, infrastructure, and lifeline facilities are

becoming more vulnerable to landslides. There are other factors responsible for increasing

vulnerability of hill slopes such as variability and extent of precipitation events, environ-

mental degradation, urbanization and depletion of natural resources. It is likely that more

frequent and more severe landslide disaster events will occur in the future, a trend that

disaster statistics also support. To prevent and mitigate landslide disasters, reliable and up-

to-date information on climate forecasts, geo-technical characteristics of slopes, sub-

surface geological deposits, land-use changes etc. must be available to disaster managers

and decision makers. Such information will allow them to make appropriate decisions and

take timely actions to manage landslide risk. It is mutually useful if landslide practitioners

share the experience in innovative and cost effective landslide risk reduction measures,

strategies, methods, and applications to use them in their own countries and elsewhere.

The South-East Asian Network for Landslide Risk Management expects to promote and

facilitate regional collaboration for applied research, exchange of experiences, knowledge

sharing and to initiate interventions for capacity building through active involvement of

landslide risk management practitioners within the sub-region. The ultimate aim is to

support effective implementation of the Hyogo Framework for Action. This paper presents

the planned interventions by the South-East Asian Network for Landslide Risk Manage-

ment for the purpose of providing an opportunity to share some of the sound practices for

landslide risk management, allowing network members to learn from other regional

networks and to promote regional cooperation and collaborations among practitioners to

effectively build safer and more resilient mountain settlements within South-East Asia.
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Introduction

The mountainous areas within South-East Asia are

undergoing rapid changes through development efforts of

respective governments. As a result, built-up areas, infra-

structure, lifeline facilities etc. are increasingly exposed to

extreme events. The global factors (urbanization, depletion

of natural resources, etc. combined with continuing eco-

nomic development) invariably lead to adjustments in land

use, human settlements, farming and agricultural practices

etc. within mountainous areas. Such changes also increase

the vulnerability of communities to hydro-meteorological

and geo-hazards to which they are often exposed. Among

them, landslides appear to be more frequent and more wide-

spread phenomena within the mountainous areas of the

South-East Asian region. It is likely that South-East Asian

countries may experience more frequent and severe land-

slide disasters in the future. To prevent and mitigate future

potential landslide disasters within the mountainous areas,

more innovative and cost-effective measures are needed. It

is useful for landslide practitioners to share the strategies,

methods, and applications for mutual benefit and to build

resilient communities. It is important to have more collabo-

ration in the region for landslide risk management, in order

to share knowledge, experiences and to combine efforts to

overcome challenges and difficulties.

Objective of the Network

The long term goal of the South-East Asian Network for

Landslide Risk Management is to effectively contribute to

the Hyogo Framework for Action (HFA). The network will

achieve this by sharing experience, knowledge and expertise

through networking in the area of landslide risk management

technology applications for disaster risk management and

sustainable development of mountainous areas of South-

East Asia.

International exchange and collaboration in landslide risk

management practice and applied research is of the utmost

importance for meeting future national, regional and global

environmental challenges and their consequences. The

South-East Asian Network for Landslide Risk Management

promotes and facilitates regional collaboration for applied

research, exchange of experiences, knowledge sharing and

initiates capacity building through active involvement of

landslide risk management practitioners in South-East

Asia. Ultimately such efforts are expected to support effec-

tive implementation of the Hyogo Framework for Action by

countries in the sub-region.

Past Collaborative Efforts of the Network
Members

The network started its operations and activities in 2012. But

there were several previous initiatives undertaken by

members of the ICL, which prompted some active members

to realize the usefulness of more collaborative effort. Some

of such activities are:

(a) ICL headquarter and Gadja Mada University, AIT,

China Geological Survey have conducted the Asian

Joint project on Early Warning of Landslides (IPL105)

since 2008.

(b) The Institute of Transport Science and Technology

(ITST) in Vietnam, the ICL-Headquarter, the Forestry

and Forest Product Research Institute of Japan, and the

Japan Landslide Society have started a joint project with

the financial assistance of the government of Japan in

June 2011. The project will continue until March 2017

largely due to strong commitment and cooperation

between ITST and two Japanese ICL members since

2010.

(c) ICL headquarters, the Forestry and Forest Product

Research Institute of Japan, the Japan Landslide Society,

Gadja Mada University (Indonesia),

(d) National Taiwan University, Asian Disaster Prepared-

ness Center (ADPC) and others began collaboration to

develop Landslide Teaching tools in April 2012.

(e) ADPC in partnership with Norwegian Geotechnical

Institute (NGI) has organized several Regional

Workshops on Landslide-risk management for target

countries of the Asian Program for Regional Capacity

Enhancement for Landslide Impact Mitigation

(RECLAIM) such as Bangladesh, Bhutan, China, India,

Indonesia, Myanmar, Nepal, Pakistan, Philippines, Sri

Lanka, Thailand and Vietnam. In the meeting organized

in Yangon, Myanmar during 24-27 January 2012 which

was attended by around 12 countries have emphasized

the importance of having a Regional network for Land-

slide risk management.

Realizing the importance of establishing a network within

South-East Asia, some of the active members of the ICL in

landslide risk management in the sub-region such as the

Gadja Mada University (Indonesia), National Taiwan Uni-

versity, Asian Disaster Preparedness Center (ADPC), Slope

Engineering Branch, Public Works Department Malaysia

jointly submitted a proposal to establish the South-East

Asian Network for Landslide Risk Management

(Arambepola 2012a) to ICL headquarters. Approval to

establish the network under the auspices of ICL was granted

in 2012.
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Expected Results

Proposed interventions of the South-East Asian Network for

Landslide Risk Management will expected to achieve fol-

lowing results but not limited to:

• Build a strong regional network on landslide disaster

mitigation for advancement of landslide science.

• Promote international exchange and collaboration in

landslide-risk management practice through organizing

networking events.

• Contribute through joint applied research in landslide-risk

management, for meeting the future national, regional and

global environmental challenges and their consequences.

• Initiate capacity-building interventions in partnership

with partner institutions and make contributions in devel-

oping Landslide Teaching tools.

• Assist in documenting and disseminating sound practices.

• Policy advocacy and enhancement of public awareness.

Overview of Current Activities

Summer Training Course on “Slope and
Landslide Disaster Reduction”

One of the active network members, the National Taiwan

University in collaboration with the South-East Asian Net-

work for Landslide Risk Management has organized a sum-

mer training course on "Slope & Landslide Disaster

Reduction” (Arambepola 2012b). The course was held in

Taipei, Taiwan during August 4–16, 2013. This course

received Sponsorship from the National Science Council of

Taiwan, Taiwan International Consortium on Geo-Disaster

Reduction, Taiwan Intelligent Ironman Creativity Contest

Association (National Taiwan University 2013). Landslide-

related disasters are becoming more and more frequent in

Taiwan owing to global warming. The objectives of the sum-

mer training course were to promote capacity building as a

tool in landslide risk management and to share the efforts of

the Taiwan Government in undertaking effective interventions

for reducing the loss due landslide disasters. This course was

one of the first activities towards achieving the objectives of

the South-East Asian Network for Landslide Risk Manage-

ment. The course was attended by around 35 participants from

Afghanistan, Bangladesh, Bhutan, China, India, Indonesia,

Iraq, Japan, South Korea, Lao PDR, Madagascar, Nepal,

Nigeria, Sri Lanka, Thailand, and Vietnam. A Group Photo

of the Participants of the summer training course on "Slope &

Landslide Disaster Reduction" is given below in Fig. 1.

Several faculty members from Taiwan National Univer-

sity headed by the course Director Prof. Ko-Fei Liu and

representatives from other institutions shared the Taiwan

experience in dealing with Slope land Disaster Risk reduc-

tion. Taiwan has all types of slope land hazards and has

many important research applications, sound practices as

well as experience in legal enforcement at a local level.

Therefore, Taiwan National University by organizing the

summer school has created a unique opportunity for sharing

experience and knowledge in landslide risk management

with landslide practitioners from Asia. As a member of the

landslide society, the National Science Council in Taiwan

provided financial support for participants of this training

course by way of full fellowships as a token in fulfilling the

responsibility towards building a safer world. Many experts

who had provided resource inputs to the course have covered

the content integrating the experience and practitioners’
perspectives in applications bringing examples of various

scenarios, contributing not only in providing knowledge

but also in providing new ideas and techniques.

Field Visits Organized During Summer Training
Course

For the benefit of course participants the course also

arranged field visits to several geo-hazard locations to

share experience. Some of the mobile facilities used by

agencies also were demonstrated during the course (Fig. 2).

Xiaolin Village Landslide and Risk Reduction
Measures

The participants had an opportunity to see the Xiaolin village

landslide in Kaohsiung County, Taiwan. During typhoon

Morakot, a deep-seated, dip-slope landslide with an area of

2.5 km2 occurred and killed more than 400 people. It occurred

Fig. 1 Participants of the summer training course on “Slope and

Landslide Disaster Reduction”
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on August 9, 2009 due to heavy rainfall. The mean depth of

Xiaolin landslide was 44.6 m. The main sediment slid through

an original valley, dammed the Chishan River, and buried a

part of Xiaolin village. Dam-breaking occurred shortly after

and buried the remaining part of the village. It was the most

devastating disaster that had occurred since the typhoon warn-

ing system was established in Taiwan in 1992.

During the visit, participants (Fig. 3) learned how several

mitigation and preparedness measures were being

undertaken and saw the context of the disaster site.

Visit to 921 Earthquake Museum of Taiwan

At 01:47 AM on September 21, 1999, the central part of

Taiwan was struck by an earthquake that registered 7.3 on

the Richter scale. The resultant loss of life and damage to

property put it among the worst natural disasters of the past

century in Taiwan. In the wake of the 921 disaster, the local

government decided to preserve some of the phenomena

related to the earthquake such as slip on the fault line, col-

lapsed schools, raised river beds and other selected locations,

to remind the public of the need to prepare for such disasters

and to be ready to provide emergency rescue services.

The 921 Earthquake Museum of Taiwan combines an

Exhibition Building with the geological changes and destroyed

structures in one place to present a clear impression of the

damage that was caused by the earthquake. The structures

serve as pointers to the fault lines hidden under the earth and

make the earthquake more real to visitors. Chelungpu Fault

Gallery is located next to the oval track that was sharply

displaced during the earthquake, showing very distinctly how

the fault line moved. Figure 4 shows the visit of course

participants to 921 Earthquake Museum of Taiwan).

Visit to Chiu-fen-erh-shan Landslide

The Chiu-fen-erh-shan landslide took place about12 km to

the north of the 921 earthquake epicenter. The area of the

landslide was more than 200 ha and the volume moved was

about 30 million m3. The slide moved more than two

kilometres and 20 households were destroyed. The slide is

located in the Inner Western Foothill zone and affected

middle to late Miocene sandstones with inter-bedded shale

layers. The average thickness of the deposit is 60–80 m. It

consists of a chaotic mixture of small rock fragments and

jointed blocks. The slide is one of the largest in Taiwan’s
history. A Memorial park was established to preserve the

entire original phenomenon. A comprehensive monitoring

system has been constructed here by the Bureau of Water

and Soil Conservation.

Fig. 3 Participants during the field visit to Xiaolin village landslide

Fig. 2 Demonstration of the mobile facility used for debris-flow mon-

itoring in Taiwan
Fig. 4 Participants visit to 921 Earthquake Museum of Taiwan

190 N.M.S.I. Arambepola



Contributions to Landslide Teaching Tools

Network members made significant contributions to the ICL

project on development of Landslide Teaching tools. Among

them were National Taiwan University, Forestry and Forest

Product Research Institute of Japan, the Japan Landslide Soci-

ety, Gadja Mada University (Indonesia), the National Taiwan

University, and Asian Disaster Preparedness Center (ADPC).

Planned Future Activities

The Network is in the process of mobilizing funding to

organize several activities in the future. It expects to orga-

nize another summer training course on “Slope & Landslide

Disaster Reduction” with the generous assistance of network
member National Taiwan University. Other planned

activities are:

1. Symposium/workshop/network meeting on landslides in

South East Asia in 2015/2016 within the area.

2. A network meeting during World Landslide Forum 3 in

Beijing, 2014.

3. The network will continue contributing to the develop-

ment and improvement of landslide teaching tools.

Conclusion

Landslide risk management can provide significant

contributions to overall risk reduction, loss minimization

and sustainable development in disaster affected countries

in SEA. The South-East Asian Network for Landslide Risk

Management has made useful contributions during its ini-

tial year in enhancing the capacity of landslide

professionals and sharing knowledge and experience in

landslide risk management practice. However there is a

long way to go to achieve its objectives fully and the

results will largely depend on the participation of present

network members and also if it can be extended to obtain

the support of more agencies and individuals engaged in

landslide risk management within South-East Asia.
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Landslide Monitoring Techniques Database

Matej Maček, Ana Petkovšek, Bojan Majes, and Matjaž Mikoš

Abstract

An ICL thematic network Landslide Monitoring and Warning Thematic Network

(LaMaWa TheN) was established in 2011 and includes ten ICL member organizations

and two ICL supporters from eight countries. Of the different proposed activities of this

ICL thematic network, we at the University of Ljubljana, Faculty of Civil and Geodetic

Engineering (UL FGG) have started to set up web pages showing advanced landslide

monitoring techniques and giving case examples of landslide monitoring and early warning

systems. In the first phase, we started to put together a literature review on landslide

monitoring systems with the description of landslides—a landslide monitoring database.

The database will later be used as a base for formulating a web questionnaire to be filled by

landslide experts worldwide to gain a broader knowledge on the expertise available in the

world on the topic of landslide monitoring.

Keywords

Web applications � Landslides � Database � Landslide monitoring

Introduction

In recent years, the monitoring of landslides has improved

by the development of new monitoring equipment, auto-

matic measurements done by computerized equipment and

a decrease in equipment costs. However, together with these

newly developed techniques, old techniques still remain in

everyday use by geotechnical engineers. Thus, results of

both new and old techniques for landslide monitoring are

reported in the literature.

The techniques used for landslide monitoring depend on

the type and size of a landslide, as well as the risks involved

from its movements. There are also differences between

countries, due to their gross domestic product, past

experiences with landslide monitoring and other factors.

The main aim of the newly established ICL thematic net-

work is to critically compare different monitoring

techniques and early warning systems (EWS) from an inter-

national point of view, together with the possible transfer of

technologies and experiences using them.

To achieve the objectives of the thematic network, a web

page will be set up showing selected but advanced landslide

monitoring techniques and providing a short but comprehen-

sive overview of installed monitoring systems on active

landslides around the world and to prepare review papers

covering different landslide monitoring techniques and early

warning systems.

The ICL LaMaWa TheN: A Thematic Network on
Landslide Monitoring and Warning

The International Consortium on Landslides (ICL) was

established in 2002, and during ICL’s 10th anniversary

(Kyoto, January 2012), a strategic document for the next

decade with the motto “to create a safer geoenvironment”
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was adopted, recognizing thematic and regional networks

for landslide risk reduction to be an important form of ICL

activity in the next decade.

One of them is the Landslide Monitoring and Warning

Thematic Network (LaMaWa TheN), which was proposed

during the 10th session of the Board of Representatives of

ICL in October 2011, at FAO (Mikoš 2012), with the

objectives of setting up web pages showing advanced land-

slide monitoring techniques and to prepare review papers

covering landslide monitoring techniques and early warning

systems.

The LaMaWa TheN is a joint effort of 10 ICL member

organizations and 2 ICL supporters from 8 countries:

Croatia, Czech Republic, Indonesia, Italia, Japan, Malaysia,

Slovakia and Slovenia. All of the network members have

different and extensive experiences with landslide monitor-

ing, landslide mitigation, landslide risk reduction and EWS

(Mikoš 2012).

Monitoring of Landslides

Monitoring of landslides presents a challenge for geotechni-

cal engineers, in part due to a lack of definition and due to

their usually large scale (Mikkelsen 1996). Before the moni-

toring of a landslide is executed, careful plans should be

made that consider topography, geology, ground water

levels, material properties, possible mass movements, and

reasons for monitoring. Typical monitoring tasks include

determination of the slip surface, rate of movements, moni-

toring of marginally stable slopes before, during and after

new construction, and evaluation of the effectiveness of

mitigation works and EWS. The most important parameters

for successful description of the landsliding should be

recognized during planning, as well as the precision needed

and time scale of the measurements. Usually the most impor-

tant parameters are also the ones which will change signifi-

cantly during the possible mass movement event. The

selected parameters are thus problem dependent and in gen-

eral depend on landslide types and reasons for landslide

observation. The quality and the quantity of measurements

are also dependent on economic constraints, which are

dependent on the risk imposed by possible landslide move-

ment. In the case of historic sites, the monitoring system is

more comprehensive and innovative (e.g. Vlcko 2004;

Chelli et al. 2006; Greif et al. 2006; Coppola et al. 2006).

The distinction should also be made between landslide

monitoring and landslide survey. Landslide survey is done

by surface survey and subsurface exploration (boreholes,

geologic mapping, Fig. 1) and the landslide monitoring is

carried out at regular time intervals by different measure-

ment techniques, such as piezometers, inclinometers and

extensometers.

However, there are known examples of using landslide

surface surveys (e.g. Fig. 2) and subsurface exploration

techniques for landslide monitoring, as in case of the Slano

Blato landslide (Logar et al. 2005; Pulko et al. 2013; Fig. 3).

The equipment used for landslide monitoring should also

be reliable, being capable of functioning for long periods of

time without maintenance or replacement. The response

time should be short, and the sensitivity should be high

enough for the given problem.

Landslide Monitoring Database

In 2013, we at UL FGG started to put together a database on

different techniques used for landslide monitoring in 2013.

The database will consists of case studies with descriptions

Fig. 1 Drilling work for a borehole (piezometer) above the scarp of the

Stože Landslide in NW Slovenia

Fig. 2 Absolute displacements and displacement rates in six measuring

cross sections on the Macesnik landslide (N Slovenia) (Pulko et al. 2013)
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of landslides based on the Cruden and Varnes (1996) land-

slide classification system. The Cruden and Varnes (1996)

landslide classification system uses long descriptions of the

landslides with given activity, distribution and style,

together with descriptions of first and second movement

types. In complex landslides there could additional move-

ment types and for the database the relevant ones will be

given in the landslide description. Figure 4 gives guidelines

for forming names of landslides.

After the landslide description the task of landslide mon-

itoring should be stated and the landslide monitoring

techniques used should be given. For the database it would

be a benefit to have some classification of the landslide

monitoring techniques. These classifications could be

found in the literature. Based on Mikkelsen (1996) the land-

slide monitoring techniques are divided in monitoring of

surface movements, monitoring of pore water pressure

inside the landslide, monitoring of ground displacements

and others (Table 1). The equipment could be further divided

based on how the measurements are performed. The

measurements could be manual, as in case of probe

inclinometers, or automatic by sampling in regular time

intervals with electronic data loggers. The measurements

collected by data logger could be collected manually or

could be transferred automatically via internet, radio or

mobile phones. The division made by Mikkelsen (1996)

should be supplemented by newer techniques found in the

literature.

In the recent years the project SafeLand: Living with

landslide risk in Europe: Assessment, effects of global

change, and risk management strategies) (SafeLand 2012a)

produced several reports dealing with landslide detection,

fast characterisation, rapid mapping, monitoring and early

warning systems. In these reports a slightly different division

of landslide monitoring techniques is given (Table 2).

The division of landslide monitoring techniques is more

based on who performs the tests and not the physical quan-

tity. Report D4.4 of the SafeLand project (SafeLand 2012b)

gives a comprehensive review of remote sensing techniques

and also guidelines for their selection for long-term landslide

monitoring, based on landslide rate, movement type, and for

different phases of the risk management cycle. Report D4.5

(SafeLand 2012c) describes some new methods for landslide

monitoring. The results of these two reports should be

included in the database.

Fig. 3 Elements of the monitoring system on the Slano Blato Land-

slide (W Slovenia): C video camera, WS weather station, MS 1, 2 & 3

monitoring of soil suction, P1 and P2 piezometers 1 to 6 geodetic

points (Petkovšek et al. 2013)

Fig. 4 Glossary for forming names of landslides (Cruden and Varnes

1996)

Table 1 Division of landslide monitoring methods by Mikkelsen

(1996)

Surface movements measurements

Conventional equipment (optical instruments survey, tape/electronic

distance measurements, total stations)

Tiltmeters

Differential global positioning system

Ground displacements measurements

Inclinometers (probe inclinometer, in-place inclinometer)

Extensometers (rod and wire extensometers, slope extensometers)

Groundwater monitoring

Open standpipe piezometer

Pressure sensor piezometer
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Similar to the SafeLand project the ClimChAlp project

(ClimChAlp—Climate Change, Impacts and adaptation

strategies in the Alpine Space) divides monitoring methods

into four main categories: geodetic, geotechnical, geophys-

ical and remote sensing (Table 3).

As seen from Tables 1, 2 and 3, there are different

divisions of landslide observation techniques and a combi-

nation of these should be used.

Discussion and Conclusion

It is important to note that usually only one part of a

landslide monitoring system is described in a publication

(e.g. a journal paper), and it is thus problematic to get an

integrated picture of the whole landslide monitoring sys-

tem. Publications mainly describe new measurement

equipment, compare two different measurements (e.g.

water level and landslide movements), or compare

measured and predicted data.

To obtain a better understanding of which field

measurements are important for a specific type of land-

slide and if there are differences between landslide moni-

toring techniques in different countries, a web

questionnaire will be prepared to be filled in on-line by

landslide experts. In the first phase, only members of the

LaMaWaTheN network will be asked to participate. The

results of the survey will be discussed, and the question-

naire may be modified if needed. In the second phase, the

questionnaire will be opened to other professionals in the

field.

The place for such a web questionnaire can be the

official IPL web server. Using the results of the web

survey, we may establish a web-based database named

the World Report on Landslide Monitoring Sites

(WRLMS), presenting the installed monitoring systems

on landslides around the world, with links to web pages

presenting the active monitoring of landslides. It can be a

companion database to the already existing World Report

on Landslides (WRL; available at: http://iplhq.org/cate

gory/iplhq/world-report-on-landslides/).
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Table 2 Classification of methods for landslide detection, fast

characterisation, rapid mapping and long-term monitoring (SafeLand

2012a)

Remote sensing

Passive optical sensors (ground based photography, aerial imagery,

satellite imaging)

Active optical sensors (aerial laser scanner, terrestrial laser scanner,

electronic distance meters)

Active microwave sensors (InSAR, DInSAR, PSI, GBinSAR,

polarimetry for soil moisture estimation)

Geophysics

Ground-based (electricity, electromagnetic, micro-seismicity, ground

penetrating radar, gravimetry, borehole geophysics)

Offshore (multi-faisseau, 2D, 3D seismic, sonar)

Airborne

Geotechnique

Inclinometers (probe, in place)

Extensometers (wire, probe extensometers, fixed)

Other (piezometers, contact earth pressure cells)

Other

GNSS

Core logging

Table 3 Division of landslide monitoring methods by ClimChAlp

project (2008)

Geodetic surveying

Tacheometry

Terrestrial laser scanning

Precise levelling

Global positioning system

Geotechnical monitoring

Crack monitoring

Tiltmeters extensometers

Borehole inclinometers

Borehole extensometers

Piezometers

Time domain reflectometry

Fibre optics

Geophysical methods

Direct current geoelectric

Microseismic monitoring

Remote sensing

Photogrammetry

Airborne laser scanning

Satellite-born radar interferometry

Ground-based radar interferometry
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Landslide Knowledge Exchange Through the
Regional Cooperation in the Adriatic-Balkan Region

Željko Arbanas, Snježana Mihalić Arbanas, Martina Vivoda,
Kristina Martinović, and Sanja Bernat

Abstract

Regional cooperation among ICL members in the Adriatic-Balkan region has been initiated

at the beginning of 2012 by establishing the ICL Adriatic-Balkan Network on Landslides

which encompasses seven institutions from four regional countries, Albania, Croatia,

Serbia and Slovenia. The objectives of regional cooperation are to conduct regional

cooperative research and capacity building in landslide study and related risk prevention

and mitigation for the benefit of society and the environment. This paper presents an

overview of the main ICL ABN activities in the period from the beginning of 2012 to the

end of 2013. One of the main activities was launching regional thematic conferences on

landslides by organizing the 1st Regional Symposium on Landslides in the Adriatic-Balkan

Region (1st RegSyLAB) in Zagreb, Croatia in March 2013. The social and technical

program of the symposium enabled the participants from nine regional countries to share

their experiences about local landslide research at the regional level and enhance the

establishment of relations between scientist in the region which are important for future

cooperative research and capacity building. This paper describes in more detail the

technical sessions and side events of the 1st RegSyLAB, so as report symposium’s
outcomes as they relate to the promotion of landslide science.

Keywords

Adriatic-Balkan Network � ICL � Regional cooperation � Regional symposium on landslides

Introduction

The ICL Adriatic-Balkan Network (ICL ABN) was

established in January 2012 as one of eight regional and

thematic networks of the International Consortium on

Landslides (ICL) in order to promote its own activities as

well as activities of the International Programme on

Landslides (IPL). Figure 1 presents the logo of the ICL

ABN. The network encompasses seven institutions (four

universities, two national geological surveys and one govern-

mental office) from Albania, Croatia, Serbia and Slovenia.

The common interests for the establishment of this regional

network on landslides are outlined in Mihalić et al. (2012a)

and are as follows: (1) alignment of professional and scientific

resources at the regional level by initiating and implementing

joint bilateral or multilateral projects with participants from
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the region; (2) sharing of information and knowledge; (3)

enhancing education and training by exchanging scientists

and professionals between regional institutions, establishing

courses and schools on landslides for young researchers, and

educating the public and local administrations; and (4) devel-

opment of regionally harmonized strategies for landslide haz-

ard/risk prevention and mitigation.

ICL ABN joint activities began in early 2012 by the

preparation of a review of a wide range of subjects relevant

for landslide research and mitigation in Croatia, Serbia and

Slovenia. The review encompasses all issues which are con-

sidered as important for better understanding of the current

state in the region at that time and presents background for

further activities. The preliminary overview was presented at

one regional conference (Mihalić Arbanas et al. 2012b) and

the final one is published as ICL/IPL Activities in the

Landslides Journal (Mihalić Arbanas et al. 2012c).

The official adoption and signing of the documents which

confirm establishment of the ICL ABN was on 28 September

2012, during the first meeting of the Adriatic-Balkan Net-

work in Belgrade, Serbia. The documents of the ICL ABN

are, a Letter of Intent and Declaration of the Regional

Cooperation and International Consortium on Landslides’
Adriatic—Balkan Network Constitution. During the

regional conference in Belgrade in September 2012 (14th

Serbian Symposium of Engineering Geology and

Geotechnics), regional ICL board members and coordinators

of ICL ABN made two public presentations important for

dissemination of information to non-ICL members. The first

presentation, in the form of an oral presentation and bro-

chure, was about the crucial documents, i.e., 2006 Tokyo

Action Plan toward a Dynamic Global Network of IPL and

ICL Strategic Plan 2012–2021 to create a Safer Geo-

environment (ICL 2012). The second presentation was

about the abovementioned review of the current state of

landslide science, practice and management in Croatia,

Slovenia, and Serbia, followed by information from Albania.

Discussion and endorsement in the course of the ICL

ABN activities was performed in the format of the 1st ICL

ABN Round Table which was held in March 2013 in Zagreb,

Croatia, during the 1st Regional Symposium on Landslides

in the Adriatic-Balkan Region. The resulting action plan of

the Adriatic-Balkan Network is aligned with the following:

(1) five priorities for action of the Hyogo Framework for

Action, (2) the Action plan of the ICL for the next decade

(published in ICL Leaflet 2012 in the frame of the ICL

Strategic Plan 2012–2021), (3) the ongoing current state of

the region as it relates to landslide professional, scientific,

educational, and management issues (Mihalić Arbanas et al.

2012b).

In the following paragraphs two main activities of the

ICL ABN in the 2-year period 2012-2013, are described in

more detail. The 1st Regional Symposium on Landslides in

the Adriatic-Balkan Region presents implementation of ICL

ABN activity in 2013 primarily aimed at the exchange of

knowledge at the regional level. It was organized as a con-

ference with more than 100 participants and a series of side

events: a landslide photo exhibition; technical tour to the

Kostanjek Landslide (Mihalić Arbanas et al. 2013); two

round tables; and promotion of the book by Sassa et al.

(2013). The second ICL ABN activity implemented in

2013 is related to the unified collection of data about

landslides, where the Croatian Landslide Group initiated

systematic collection of landslide data on the national level

through the development of the Croatian Landslide Portal.

1st Regional Symposium on Landslides in the
Adriatic-Balkan Region

The 1st Regional Symposium on Landslides in the Adriatic-

Balkan Region entitled “Landslide and Flood Hazard

Assessment” was held in March 2013 in Zagreb (Croatia)

together with the 3rd Workshop of the Croatian Japanese

SATREPS FY2008 Project on “Risk Identification and Land
Use Planning for Disaster Mitigation of Landslides and

Floods in Croatia”. More than 110 participants (Fig. 2)

from 12 countries (Albania, Bosnia and Herzegovina,

Bulgaria, Croatia, Japan, Kosovo, Macedonia, Slovenia,

Serbia, Romania, Russia,and Vietnam) presented 77 scien-

tific and professional papers about landslides and floods

hazard assessment as well as other topics related to landslide

science and practice. All paper abstracts are published in the

proceedings by Mihalić Arbanas and Arbanas (2013), as

shown in Fig. 3. Technical sessions were accompanied by

a series of side events: a field trip, round tables, photo

exhibition and book promotion.

All symposium activities were organized as a four-day

program. The symposium started on Wednesday 6 March

with the welcome reception at the Faculty of Mining, Geol-

ogy and Petroleum Engineering. The first part of the techni-

cal program (oral presentations) was held in the City

Assembly Hall on Thursday 7 March. A guided sightseeing

tour in the Upper Town was held during the lunch-break.

Thursday night was reserved for the cocktail reception by

the Mayor of the City of Zagreb, in the Dverce Palace. The

second part of the technical program (oral and poster

presentations) was held in the University Rectorate on Fri-

day 8 March. Two round tables were organized at the end of

Fig. 1 Logo of the ICL Adriatic-Balkan Network

200 Ž. Arbanas et al.



the technical sessions on 7 and 8 March. The symposium

closing was held in the ZgForum followed by the opening of

the landslide photo exhibition “Living with Landslides” and,
finally, the promotion of the book “Landslides: Global Risk
Preparedness” (Sassa et al. 2013). Saturday 9 March was

reserved for a technical tour to the Kostanjek Landslide

Field Observatory for landslide monitoring situated in the

City of Zagreb.

Technical Program of the 1st RegSyLAB

All symposium paper presentations were grouped in three

thematic sessions which reflects the structure of the working

groups of the Croatian-Japanese SATREPS FY2008 project.

The session entitled ”Landslides” encompassed

presentations about landslide investigations, landslide mon-

itoring, numerical modeling and landslide remediation. The

session entitled ”Flash-Floods and Debris Flow” was aimed

at presentations about observations of meteorological and

hydrological parameters in the analyzed catchment areas,

numerical and hydrological analysis of the measured

parameters and the development of simulation models of

floods and debris flows, as well as establishing of early

warning systems of these phenomena. The session entitled

”Hazard Mapping” encompassed presentations about land-

slide inventories, and landslide susceptibility, hazard and

risk assessment and zonation.

The first symposium day was reserved for presentation of

activities and results of the Croatian-Japanese five-year

Fig. 2 Participants of the 1st

Regional Symposium on

landslides in Adriatic-Balkan

Region entitled “Landslide and
Flood Hazard Assessment” in the

front of the building of the

University Rectorate (Zagreb,

8 March 2013)

Fig. 3 Front cover of the 1st RegSyLAB Abstract proceedings with 77

abstracts
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bilateral project (2009–2014) “Risk Identification and Land-
Use Planning for Disaster Mitigation of Landslides and

Floods in Croatia” (Mihalić and Arbanas 2013). It was the

3rd Project Workshop, after the 1st Workshop held in

Dubrovnik in 2010 and the 2nd Workshop held in Rijeka

in 2011. The aim of the Workshop was to present recent

results of the 4-year joint research performed at all project

pilot areas in the City of Zagreb, Primorsko-Goranska

County and Splitsko-Dalmatinska County. Researchers

from Croatia and Japan presented scientific papers with

results for the following investigations and analyses: aerial

photo and satellite image interpretation, geodetic and geo-

technical monitoring of landslides, continuous monitoring of

sediment flows in torrents, advanced investigation of physi-

cal and mechanical properties of soils and rocks, landslide

susceptibility and hazard zonation, establishment of early

warning systems, and risk mitigation through the system of

urban planning and civil protection. More than 60 Croatian

and Japanese scientists from University of Rijeka, Univer-

sity of Zagreb, University of Split, Croatian Geological

Survey, Niigata University, Kyoto University and Interna-

tional Consortium on Landslides presented 31 scientific

papers.

The second symposium day was reserved for oral and

poster presentations of 44 papers prepared by scientists and

experts from nine countries in the region, and from Japan,

Russia and Vietnam. Papers provided insight into regional

and international research focused on landslide and flood

characterization, modeling, monitoring, mapping and reme-

diation. Regional and international guest landslide scientists

and experts came from 12 universities, 8 institutes and

8 companies.

Field Trip: The Kostanjek Landslide Observatory
for Landslide Monitoring

A field trip to the Kostanjek Landslide, the largest landslide

in Croatia (Mihalić Arbanas et al. 2013) was organized for

the last day of the symposium. The objective of the field trip

was to present the general design of a comprehensive

automated monitoring system of the Kostanjek landslide to

the symposium participants.

The monitoring system of the Kostanjek Landslide was

designed to include a number of different types of sensors

communicating in near-real time to a data acquisition

processing centre located at the Faculty of Mining, Geology

and Petroleum Engineering, University of Zagreb. It is

equipped within the framework of the Croatian-Japanese

SATREPS FY2008 project. An integrated monitoring sys-

tem will finally consist of approximately 40 sensors for

geodetic and geotechnical monitoring of landslide move-

ment and landslide triggering factors (rain and earthquake):

15 precise GNSS rovers, 9 long-span and short-span

extensometers, 4 vertical extensometers, 1 inclinometer, 3

pore pressure gauges in boreholes, 3 water level gauges in

wells, rain gauge, weather station and 7 accelerometers. The

installation of the system started in November 2011 and will

be nearly finished in 2013. The system is meant to improve

and contribute to public safety, public education, scientific

research, and university education.

Round Tables

The first Round table entitled “Application of Croatian-

Japanese Project Results in the Systems of Land-Use

Planning, Construction and Civil Protection in Croatia”
was held on 7 March 2013 in the City Hall. It was an

exceptional opportunity to gather the representatives of

local and national government of the Republic of Croatia

and the scientists involved in landslide and flood research.

Round table discussion was organized in collaboration with

the City of Zagreb and Primorsko-Goranska County. The

aim of the round table discussion was to debate, with a wide

audience, the future practical application of scientific results

in the Croatian system of land-use planning, construction

and civil protection. Core topics of the discussion were

landslide maps (landslide inventory maps and landslide haz-

ard and risk prognostic maps), flood maps (hazard and risk

prognostic maps), landslide and flash flood monitoring and

early warning systems, landslide modeling and flash flood

propagation with different hazardous test scenarios.

The second Round table entitled “Discussion and

Endorsement in the Course of the ICL Adriatic-Balkan Net-

work Activities” was held on 8 March 2013 at the University

of Zagreb. The main topic of this round table was how to

plan and deliver activities of the ICL ABN successfully,

which is one of the greatest challenges of the regional

network. Landslide scientists from Croatia, Slovenia, Serbia,

Macedonia and Albania were involved in the discussion.

Strengths, weaknesses, opportunities, and challenges of the

current status of landslide research and landslide risk man-

agement in the Adriatic-Balkan region were discussed as a

basis for further development of the ICL ABN action plan.

One of the main conclusions of this round table was the

organization of regional symposia every two years. 2nd

ReSyLAB will be held in Belgrade in 2015.

ICL ABN Photo Exhibition “Living with
Landslides”

A photo exhibition “Living with Landslides” was organized

with the cooperation of Croatian ICL members (two faculties

from Zagreb and Rijeka and the Emergency Management
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Office from Zagreb) with Office of the Strategic Planning and

Development of the City of Zagreb. Photos showing different

landslide scenarios were presented in the ZgForum (Fig. 4),

gallery and multimedia center located in the downtown area

of the Zagreb city. The photo exhibition ceremony opened on

8 March by the Vice Mayor of Zagreb, and was also open for

the public until 15 March 2013.

The 35 exhibited photos were taken by 24 photographers

from 8 countries, most of them participants of the sympo-

sium (Fig. 5). Every photo was accompanied by a short

landslide story. Photo exhibition jury selected the best

three photos as follows: 1st prize—Teodor Burilescu for

the photo “Landslide Siriu” taken in Romania (Fig. 6); 2nd

prize—Toni Nikolić for the photo “The Floating houses”

Fig. 4 Landslide photographs and brochures (Fig. 5) of the photo

exhibition ‘Living with Landslides’ in ZgForum gallery (Zagreb,

8–15 March 2013)

Fig. 5 Front cover of the photo exhibition brochure

Fig. 6 The photo which was awarded first prize entitled ‘The Siriu

Landslide’ (author Teodor Burilescu, Romania)

Landslide Knowledge Exchange Through the Regional Cooperation in the Adriatic-Balkan. . . 203



taken in Bosnia and Herzegovina, presenting Maglaj land-

slide that completely destroyed 7 and damaged 10 houses;

3rd prize—Željko Arbanas for photo “The road” taken in

Croatia, presenting a damaged local road one day after

activation of the Brus landslide in Istria.

Book Promotion

During the opening ceremony of the photo exhibition “Liv-
ing with Landslides”, the ZgForum gallery also hosted the

promotion of the book “Landslides: Global Risk Prepared-

ness” edited by distinguished Professor Kyoji Sassa and co-

editors Dr. Badaoui Rouhban, Dr. Sálvano Briceño, Dr.

Mauri McSaveney and Dr. Bin He (Fig. 7). This book

presents the global landslide risk preparedness implemented

through the International Programme on Landslides (IPL).

The 26 book chapters are organized into four main parts:

Outline of the International Programme on Landslides and

IPL Global Promotion Committee; Achievements of major

IPL projects in research and capacity building; World

Centres of Excellence on Landslide Risk Reduction

(WCoEs) and Landslide School Network; Key documents

of IPL and ICL including Tokyo Action Plan, Application

of ICL, IPL Projects, WCoEs and Landslide School

Network.

Croatian Landslide Portal

The Croatian Landslide Portal (CLP) has been available at

the web address http://www.klizista-hr.com from July 2013.

It has been established and maintained by members of the

Croatian Landslide Group from the Faculty of Civil Engi-

neering (University of Rijeka) and Faculty of Mining, Geol-

ogy and Petroleum Engineering (University of Zagreb). The

CLP is developed as a web interface for: (i) announcing

news about landslide events from Croatia and from around

world (Fig. 8); (ii) promotion of landslide science by pub-

lishing information about scientific projects, pilot areas and

scientific conferences; (iii) promotion of the education about

landslides by publishing information about educational

institutions, landslide courses, teaching tools, etc. (iv)

making public the Croatian Landslide Catalog (CLC), data

base which is under development, by collecting and archiv-

ing data about approximately 900 landslide events

reactivated in 2013. Portal visitors can also submit landslide

occurrence information for the CLC using a simple on-line

form. Scientists from faculties in Zagreb and Rijeka are

cooperating with the Croatian National Protection and Res-

cue Directorate in maintenance of the Croatian landslide

data base.

Fig. 7 Front cover of the book “Landslides: Global Risk Prepared-

ness” (Sassa et al. 2013)
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Mihalić S, Arbanas Ž (2013) The Croatian–Japanese joint research

project on landslides: activities and public benefits. In: Sassa K

et al (eds) Landslides: global risk preparedness. Springer, Berlin,

pp 333–349. ISBN 978-3642220869

Sassa K, Rouhban B, Briceño S, McSaveney M, He B (eds) (2013)

Landslides: global risk preparedness. Springer, Berlin, 370 p. ISBN

978-3642220869

Fig. 8 Web interface of the

Croatian Landslide Portal (http://

www.klizista-hr.com) with

landslide news

Landslide Knowledge Exchange Through the Regional Cooperation in the Adriatic-Balkan. . . 205

http://www.klizista-hr.com/
http://www.klizista-hr.com/


Part IV

Policy, Legislation and Guidelines on Landslides



Introduction: Policy, Legislation and Guidelines
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The institutional requirements for managing risk related to

landslides—also known as governance of landslide risk

reduction—comprise a number of elements, which include

policy, legislation, organizational arrangements as well as a

number of ethical, educational, awareness, training,

research, scientific and technological capacities.

Managing the risk associated with landslides is part of

wider disaster risk reduction governance, which often

requires a multi-hazard approach as an essential condition

for effectiveness; hence, specialists on governance are not

necessarily specialists in landslide studies but they need to

address landslides as a key hazard, related equally amongst

hydro-meteorological, geophysical and geological hazards.

Managing the risk of landslides includes various

strategies and measures of prevention, mitigation and pre-

paredness for such hazards, which in turn need to be

integrated into other policy sectors, such as land-use and

urban planning, environment, agriculture, health, education,

transport, tourism, infrastructure besides disaster or emer-

gency management.

Overall guidance for risk management related to natural

phenomena is still effectively provided by the Hyogo Frame-
work for Action (2005–2015): Building the resilience of

nations and communities to disasters. The policy guidelines

contained in the Hyogo Framework are being currently

reviewed with the intent to update and enhance the content

for adoption at the upcoming Third World Conference for

Disaster Risk Reduction, planned for Sendai, Japan from

14–18 March 2015. The contents of this publication (as cur-

rently revised) as well as the discussions pending at the Third

World Landslide Forum (Beijing, 2–6 June 2014) represent a

substantive contribution by experts from the technical, scien-

tific, engineering and other practitioners communities that

work on landslides, to the benefit of a wider disaster risk

management community who will meet at Sendai in 2015.

The rapid increase in urban vulnerability, due to urban

population growth and poverty but also to the increasing

effect and impacts of climate variability and climate change,

makes risk management and wider risk governance a much

higher priority for governments. Risks associated with

landslides have the terribly damaging potential to contribute

to loss of lives as well as the reduction of development gains;

hence the need for appropriate disaster risk governance to be

placed close to the highest authority levels in government

(local, national, regional to international levels). A number

of countries have advanced in this regard and are showing

the way for many other countries that have not as yet

addressed the full range of requirements of risk governance.

The development of risk governance, also recognized as

the institutional requirements for managing risk needs to be

addressed by governments jointly or in close collaboration

with the academic and scientific institutions that specialize
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in various hazards and the vulnerability components of risk;

including also experts from civil society organizations and

the private sector.

The Third World Landslide Forum provides a valuable

opportunity to policy-makers to enhance their understanding

of risk related to landslides that are increasingly causing

losses and damages to exposed populations, societal

infrastructure and for promoting a team effort amongst

policy-makers, experts and practitioners from all sectors.

The papers in this session provide examples of some

of the relevant elements and considerations in this field

of consideration. Other examples are scattered within

the many other sessions at the Third World Landslide

Forum.
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Abstract

Scientific research and practitioner experience have revealed that disasters, development

and poverty are intimately linked. Destruction of assets and livelihoods in disasters set back

hard-won development gains and worsen poverty, often for extended periods of years.

Progress in ending extreme poverty may be reversed in the face of a disaster event and

poverty re-entrenched. Disaster impacts are growing, amplified by rapid growth and

unsustainable development practices that increase the exposure and vulnerabilities of

communities and capital assets. Governments increasingly recognise that the reduction of

disaster risks is a foundation for successful sustainable development, and that disaster risk

is a crosscutting issue, requiring action across multiple sectors.

Keywords
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Introduction

The discussion set out in this paper was prepared by experts

associated with the Integrated Research on Disaster Risk

(IRDR) programme for the Seventh Session of the UN

General Assembly Open Working Group on Sustainable

Development Goals, New York, 6–10 January 2014. For

further information see http://www.irdrinternational.org.

The IRDR is jointly sponsored by the International Council

for Science (ICSU), the International Social Science Council

(ISSC) and the UN Secretariat of the International Strategy

for Disaster Reduction (UNISDR). The paper was supported

by the British Geological Survey and followed extensive

discussion within the wider membership of the IRDR com-

munity, Reid Basher acting as the expert author and Mark

Pelling as overall project coordinator and editor.

Overview

Increasing Disaster Impacts and the Downward Spiral

Globally, the impacts of disasters have risen rapidly over

recent decades, affecting almost all sectors and rich

countries and poor countries alike (UNESCAP 2010, 2012;

UNISDR 2013a; World Bank 2013). Several hundred mil-

lion people are affected annually and losses reached a record

US$ 371 billion in 2011 (CRED 2012). This figure may

underreport the true losses by 50 % or more (UNISDR

2013b). It does not incorporate knock-on impacts across

economies and it undervalues the relative economic impacts

on individual and particularly poor households. In some

regions numerous smaller-scale and unreported events are

a major source of aggregate loss, especially in developing

countries and poor communities (Bull-Kamanga et al. 2003;

UNISDR 2013b). A particular concern is that disaster-

damaged livelihoods and economies can set the preconditions

for further rounds of excessive exposure, susceptibility and

loss, blocked escapes from poverty and negative spirals of

development failure. This may occur at any level, from house-

hold to state.
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Underlying Risk Factors The United Nations-sponsored

Hyogo Framework for Action 2005–2015 (UN 2005),

which seeks to build the resilience of nations and

communities to disasters, includes the integration of disaster

risk considerations into sustainable development processes

as a key strategy. One of its five priorities is the reduction of

underlying risk factors, involving environmental, social and

economic actions, but it is here that least progress has been

achieved according to reporting by Governments (see http://

www.preventionweb.net/english/hyogo/progress).

Explicit recognition of disaster risk reduction in the

Sustainable Development Goals will provide critical weight

to help drive the substantive work on underlying disaster risk

in the parallel post-2015 framework planned to succeed the

Hyogo Framework for Action.

The Disaster Risk Process and Risk Management

Disasters can be considered an outcome of an ongoing

“risk process”, in which the prevailing circumstances of

hazards, exposure and vulnerabilities combine to generate

disaster risk. The risk may grow and accumulate over time,

becoming evident as greater losses only when a hazard event

strikes. This is a radical shift from earlier ideas of disasters

as acts of God or as natural events. A geophysical hazard

event may be natural but its impacts depend on the

circumstances of people, households and societies, which

in turn arise from diverse micro- to macro-level political,

social, economic and environmental processes. Knowledge

of the driving factors in disaster risk is the essential basis for

pre-emptive policy and action to reduce the risks. Integrated

approaches will improve outcomes and opportunities for

both disaster risk reduction and sustainable development.

A basic requirement in both cases is to systematically moni-

tor disaster risk.

Linkages with Climate Change It is well accepted that

disaster risk reduction measures will play an important role

in responding to the projected increases in weather- and

climate-related hazards including sea-level rise (IPCC

2012). Good management of today’s existing risks is clearly
the starting point for facing tomorrow’s changed risks,

whether from climate change, globalization or development.

These three policy arenas share interests in monitoring

changing risks, reducing exposure and vulnerability and

advancing the transformation to resilience and

sustainability.

Targets and Indicators High-level meetings have identified

the need to address resilience and disaster risk reduction in

the Sustainable Development Goals (UN 2012, 2013).

Targets and indicators work can draw on the experience

gained in monitoring progress on the Hyogo Framework

for Action. Various global and national databases are avail-

able for natural hazards, exposure and disaster losses, and

research is advancing on measures of vulnerability and resil-

ience (see final section).

Disasters and Sustainable Development

Disaster Events Undermine Poverty Eradication The

livelihoods, productive economic activity and public

capacities that keep poverty at bay are compromised when

the underpinning assets and resources of households and

countries are destroyed in disasters (Shepherd et al. 2013).

This can generate new poor as well as deepening existing

poverty. For example, a study of 2,454 municipalities for a

5-year period showed significant impacts from disasters,

with a 0.8 % decrease in the Human Development Index in

affected areas, similar to a 2-year setback, and a 3.6 %

increase in extreme food poverty (Rodriguez-Oreggia et al.

2010).

Disaster Linked to Unsustainable Growth In 1998, Cen-

tral America suffered massive losses associated with Hurri-

cane Mitch, with thousands of deaths, millions of displaced

people and estimated losses of about US$6 billion. Studies

(Ensor 2009) show that the impacts were particularly severe

where the development model sought agricultural diversifi-

cation and export-led growth but at the expense of floodplain

exploitation, deforestation and soil degradation and reduced

opportunities for small farmers. The social and economic

processes involved rendered the environment, infrastructure

and population exceptionally vulnerable to the hurricane. In

this way, disaster risk was actively created through human

action. Similar lessons have been learned in developed

countries, for example as a result of major flood loss events

in Europe and North America over recent decades.

Disasters and Inequality On average, disasters dispropor-

tionately affect women, children, the aged and disabled

(Enarson 2012). For example, a study of villages affected

by the 2004 Indian Ocean tsunami (Guha-Sapir et al. 2006)

showed that the death rate was highest for young children

and the elderly and was 40 % higher for women than for

men. These patterns are related to the prevailing social roles

and expectations. Disadvantaged groups also are often

excluded or not catered for in disaster response and recovery

stages (IFRC 2007). While disasters can thus amplify social

exclusion, economic inequality and poverty, they also pro-

vide an opportunity, through risk reduction action and post-

disaster recovery, to address such issues as part of the pro-

motion of resilience and sustainable development.
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Magnified Impacts for Small Developing Countries The

greatest absolute losses occur in larger and richer countries,

but the greatest relative losses occur in small countries and

particularly small island countries. In some years, the

disaster losses can exceed the annual GDP. One study

showed that 26 countries have an average annual economic

impact of more than 1 % of GDP, with seven countries above

2 % GDP (World Bank 2011). Most of these countries are

small-island developing states or small coastal countries.

Such high average impacts represent a serious drag on

long-term development. The problem arises partly because

hazard events such as a storm or earthquake may cover most

of a small country leaving the remaining unaffected parts

unable to internally fund the recovery.

Disaster Impacts on Cities Cities are engines of economic

development. Large cities exposed to cyclones and

earthquakes will more than double their population by

2050 (from 680 million in 2000 to 1.5 billion in 2050). The

resulting growth in exposure will need to be matched by

substantial reductions in urban vulnerability if disaster losses

are to be restrained in these cities as they grow. Cities struck

by major hazards can take years to recover. An economics

study of the 1995 Kobe earthquake (DuPont and Noy 2012)

showed that in 2008, 13 years after the event, the city’s per
capita GDP was lower by 12 %. This impact is persistent,

clearly observable, and attributable to the earthquake, and it

occurred despite the relative wealth of the country and the

considerable recovery support provided to the city. Another

study (Hallegate et al. 2013) has estimated a ninefold

increase in the global risk of floods in large port cities

between now and 2050, as a result of rapid population

increases, economic growth, land subsidence and climate

change, with a similar increase in losses, rising to US$ 52

billion. The cost of required flood management for the 136

cities studied is estimated at around US$ 50 billion per year.

Globalisation and Cascading Risk Globalised systems

involving highly interactive and optimised production give

rise to large-scale vulnerabilities. In some countries, elec-

tricity failures arising from minor technical problems have

cascaded to affect millions of people for several days.

Imbalances in global grain supply and demand in 2008,

precipitated by poor harvests in major grain production

countries and market speculation led to a severe spike in

food prices, with wheat prices rising to more than double the

price of the previous 5 years. The impacts were mainly felt

elsewhere, in poorer countries and communities, leading to

food crises and urban food riots. The 2011 Tohoku earth-

quake and tsunami led to a cascade of power outages, radio-

active pollution, closure of nuclear plants, reactivation of

fossil fuel plants, and disruption of global industrial supply

chains.

Disaster Impacts ExtendWidely Disasters bring a range of

indirect and secondary impacts in addition to the direct

losses (mortality, injury, physical damage and economic

loss). Individuals may suffer long term disability, psycho-

logical harm, degraded living circumstances, interrupted

education, increased disease occurrence, loss of employment

and relocation. Prolonged drought can lead to reduced nutri-

tion and stunting. Expertise, skills and resources will be

diverted from growth activities to recovery activities.

Businesses and investment may fail and sectors may not

reach their production targets and development targets. Gov-

ernment finances are often severely disrupted. A key lesson

is that disaster risk is a systemic issue and must be managed

on a system-wide basis.

Economic Impacts and Hazard and Development Status

A review of econometric literature (Benson 2012) has shown

that: (1) disasters have larger relative impacts on developing,

than developed, countries; (2) the nature of impact varies

between types of hazard; (3) climatological hazards have

negative long-term economic impacts, particularly in lower-

income countries; (4) earthquakes may have positive long-

term macroeconomic consequences for middle- and upper-

income countries but negative consequences for lower-

income states; and (5) severe disaster events do not have

positive economic impacts under any circumstances. Indi-

rect losses and secondary effects can increase sharply if post-

disaster contraction and reallocation of government

resources delay reconstruction and dampen the pace of capi-

tal accumulation. An alternative countercyclical response

may be more cost-effective, by spurring recovery and recon-

struction, and “building back better”, with reduced risk and

future losses.

Development Opportunities Involve Risks Taking on risks

and proactively managing them is a natural element of

development. This includes disaster risk, which is often

associated with favourable economic assets such as fertile

floodplains and volcanic soils and coastal zones. A key need

is for shared action on risks which individuals or enterprises

cannot handle alone. Governments have a critical role in

managing systemic risks, providing an enabling environ-

ment, and channelling support to vulnerable groups.

Measures to reduce damages from earthquakes, floods and

tropical storms can have median benefit-cost ratios of 2–5,

while the provision of earlier warnings of disasters in devel-

oping countries could yield estimated benefit-cost ratios of

4–36. By way of example, a national system that provides

flood warnings up to 10 days ahead to millions of

Bangladesh villagers and supports community-level

planning and household action to preserve assets and

livelihoods generates 10-year savings of US$ 40 for each

dollar invested, according to one study.
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Private Sector Roles The private sector is responsible for

70–85 % of all investment worldwide in new buildings,

industry and small- to medium-size enterprises (UNISDR

2013b). The pursuit of short-term gains can be a major factor

in disaster risk generation, for example through inappropri-

ate land use or building construction practices. Private sector

enterprises are vulnerable to disasters not only through direct

effects on plant, equipment and personnel but also through

disruption of supporting infrastructure for inputs such as

water and electricity and transportation to maintain supply

chains and product distribution. When these lifelines are cut,

costs rise, competitiveness and reputation suffer, and

businesses may close or move elsewhere. The business sec-

tor is an important partner in systematic risk reduction

action, alongside community and government sectors.

Broad Economic Policy Can Reduce Disaster Risks One

economics study (DuPont and Noy 2012) suggests that sub-

stantial reductions in risk could be achieved through rela-

tively inexpensive interventions in broader policy settings,

particularly in respect to information availability, the func-

tioning of markets, the role of public infrastructure and the

effectiveness of public institutions. Adequate funding of

infrastructure, data gathering, basic services, early warning

and evacuation systems will have high payoffs.

Humanitarian Intervention and Resilience Large sums

are expended on international emergency assistance,

approaching US$ 12.4 billion in 2010. This is in effect a

risk transfer mechanism, as it helps in smoothing the eco-

nomic impacts on the affected communities, albeit at a very

basic level. Only about 4.2 % of official humanitarian aid

was invested in disaster risk reduction between 2006 and

2010. However, more timely interventions and sustained

multi-year support to risk management and resilience build-

ing can pay handsomely. In one case studied, resilience

building activities over 20 years cost US$21 billion less

than the more common late humanitarian response. Good

linkages between humanitarian relief, rehabilitation and

reconstruction can lead to more sustainable, resilient and

adaptive outcomes and avoid the common trap of re-creating

the original risk profile (Venton 2012).

Status of Disaster-Related Goals, Targets and
Indicators

Existing Capabilities The risk process described in the

Overview provides the basis for disaster-related goals,

targets and indicators. The key elements are: (1) the hazard

profile; (2) the exposure (of people and assets); (3) the

vulnerability of people and assets to hazards (including

community and institutional capacities and the related con-

cept of resilience); and (4) the losses that occur, such as

mortality, morbidity, livelihood and asset loss, social and

macroeconomic impact, etc. The field relies on the physical,

environmental and social sciences and relevant sector

expertise.

Links to the UN Disaster Reduction Strategy The Hyogo

Framework for Action has stimulated the development of

reporting and databases. A process of national self-reporting

has been put in place to monitor progress against measures

of national achievement on the priorities and tasks.1 Most of

the measures address inputs and processes, rather than

outcomes. The experience to date provides a valuable foun-

dation for the consideration of disaster-related goals and

targets in the Sustainable Development Goals process. A

post-2015 successor arrangement to the Framework is

being developed, in parallel with the Sustainable Develop-

ment Goals process. Many United Nations member states

have called for stronger targets and upgraded accountability

in the new framework (UNISDR 2013c).

Expert Workshop A meeting of experts on disaster targets

and indicators in July 2013 reviewed options for supporting

the Sustainable Development Goals process (UNDP 2013).

The meeting welcomed the target proposed by the High-

Level Panel (UN 2013) to “build resilience and reduce

deaths from natural disasters by x%” and its positioning

within the goal to “end poverty.” It also welcomed several

other Panel-proposed targets that aim at increased resilience.

The group reviewed a number of disaster-related indicators,

and concluded that a range of indicator types should be

pursued, including outcome indicators where possible, but

also process indicators and input indicators.

Hazards, Exposure and Losses Data gathering, historical

databases and data modelling for hazards, exposure and losses

are relatively well developed (see http://www.preventionweb.

net/english/hyogo/gar/2013/en/home/data-platform.html) and

can readily support indicator development, although the

spatial scale rarely reaches down to community level.

Hazard modelling is most developed and can be combined

with population and asset data to form maps and indexes

of exposure. However, disaster loss databases lack consis-

tency in what they measure and in their geographic

1 The term “risk management” refers to the systematic approach and

practice to minimise potential harm and loss, whereas “disaster risk
reduction” may be seen as a policy objective, one that depends heavily

on the tools of risk management. For further definitions see 2009
UNISDR terminology on disaster risk reduction, available at http://

www.unisdr.org/we/inform/publications/7817, and the glossary of

IPCC, 2012.
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coverage. Consideration could be given to more informative

indicators of disaster loss, such as working days lost, days of

school closure, price of seasonal produce, etc.

Vulnerability and Resilience Vulnerability and resilience

are widely used concept, albeit with varied interpretations and

with limited systematic collection of data. However, with

improved data systems at local and national levels there is

good scope to generate data sets and indicators, and to mea-

sure long-term changes (Birkmann 2013). Both can be

represented by surrogates such as household income or

community-level capacities. The establishment of vulnerabil-

ity lines alongside poverty lines is a possibility. Observation

and indexing of vulnerability (and associated capacity) is

most developed at the community level, but there also exist

a number of national and global tools, as well as some com-

mon frameworks. Indexes of relative vulnerability, expressed

as the proportion of people or assets exposed to hazard types

that suffer harm from events (e.g. mortality, homelessness,

livelihood loss), or that benefit from protective capacities (e.g.

early warnings, building codes, insurance), are simple to

generate and communicate (UNDP 2004). Specific targets

for vulnerability reduction and adaptation to extreme events

also need to be defined to monitor progress.

Risk Measures Are Least Developed Risk requires the

integration of hazard, exposure, vulnerability and capacity,

and while this is difficult, models do exist. Risk management

capability is also captured in some models but this relies on

self-reporting by country officials. Comparative analysis and

analyses of over time within a single unit are possible.

Progress in the management and reduction of risk can only

be demonstrated from data and longitudinal studies that span

a decade or more.

Indicators of Disaster Risk Reduction Action These

include measures of public commitment, such as the avail-

ability and effective application of legislation, the level or

proportion of annual government spending allocated to

disaster risk reduction, and the integration of disaster risk

assessment into private sector development projects. Though

simple in concept, their implementation requires consider-

able effort and cooperation among countries and between

different administrative levels.

Uncertainty of Loss Events A particular challenge for the

application and communication of disaster-related indicators

lies in the high variability of many hazards. In particular, the

losses during a year may be substantial, despite major risk

reduction efforts, or conversely may be minimal despite high

risks and small efforts. This means that monitoring progress

on disaster risk reduction cannot rely solely on direct

disaster loss information, and that a variety of indicators

are necessary to track exposure, vulnerability, risk and risk

reduction actions.
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Economic Impact Assessment of Landslide Events

Mike G. Winter, Derek Palmer, Jonathan Sharpe, Barbara Shearer,
Clare Harmer, David Peeling, and Trevor Bradbury

Abstract

The economic impacts of landslide events can be classified into those that are direct, direct

consequential and indirect consequential. In this paper we present data from a set of four

landslide events/groups of events, that occurred in Scotland in 2004 and 2007, on the first

two impact types and indicate progress on work to develop the methodology for and data

gathering on the third type. The data presented here relates to events that occurred in a road

environment and for which there were no casualties. Direct costs range between approxi-

mately £300 k and £1,400 k whereas direct consequential costs range between around

£100 k and £1,000 k. The latter costs are largely dependent upon the amount of traffic that

uses the road and the duration of the disruption that is caused by the landslide event(s).
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Introduction

Rainfall-induced debris flows are a common occurrence in

Scotland and in 2004 a series of such events was associated

with monthly average rainfall substantially in excess of the

norm.

Critically, some of the resulting landslides affected

important parts of the trunk (strategic) road network, linking

not only cities but also smaller, remote communities. Nota-

ble events occurred at the A83 between Glen Kinglas and to

the north of Cairndow (9 August), the A9 to the north of

Dunkeld (11 August), and the A85 at Glen Ogle (18 August).

While there were no major injuries, the most dramatic events

occurred at the A85 Glen Ogle, where 57 people had to be

airlifted to safety when they became trapped between two

major debris flows.

The A83 Rest and be Thankful site, in particular, has been

extremely active in recent years with multiple debris flow

events and associated closures and events in 2007, 2008 and

2009 had an adverse effect on the travelling public;

subsequent events in 2011 and 2012 have continued this

trend. This has meant that the area has become the focus of

not only concern but also extensive landslide management

and mitigation activity. This culminated in a study being

commissioned to assess and make recommendations on

potential landslide remediation actions (Anonymous 2013;

Winter and Corby 2012).

Such landslides have significant socio-economic impacts

even in the, perhaps fortuitous, absence of serious injuries and

fatalities to those involved. However, the real impacts of these

events were economic and social. Such impacts include the

cost of delays and diversion on transport networks and the

severance of access to and from relatively remote

communities for services and markets for goods; employment,

health and educational opportunities; and social activities.
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The A83 (Fig. 1), carrying up to 5,000 vehicles per day

(all vehicles two-way, 24 h annual average daily traffic,

AADT) was closed for slightly in excess of a day, the A9

(carrying 13,500 vehicles per day) was closed for 2 days

prior to reopening, initially with single lane working under

convoy, and the A85 (carrying 5,600 vehicles per day) was

closed for 4 days. The traffic flow figures are for the most

highly trafficked month of the year (July or August). Mini-

mum flows occur in either January or February and are

roughly half those of the maxima reflecting the importance

of tourism and related seasonal industries to Scotland’s
economy. Substantial disruption was thus experienced by

local and tourist traffic, and goods vehicles.

This paper describes part of a study to assess the economic

impacts of selected debris flow events in Scotland, based on

the scheme set-out by Winter and Bromhead (2012).

Economic Impacts

Due to the major contribution that tourism makes to

Scotland’s economy the impacts of such events can be par-

ticularly serious during the summer months, during which

period debris flows usually occur in July and August. Nev-

ertheless, the impacts of any debris flow event occurring

during the winter months, during which debris flow usually

occurs between October/November and January, should not

be underestimated. Not surprisingly, the debris flow events

described created a high level of interest in the media in

addition to being seen as a key issue by politicians at both the

local and national level. Indeed, the effects of such small

events which may, at most, affect directly a few tens of

metres of road cast a considerably broader vulnerability

shadow (Winter and Bromhead 2012).

The qualitative economic impacts of such landslide

events include:

• The loss of utility of parts of the road network,

• The need to make often extensive detours in order to

reach a destination, and

• The severance of access to and from relatively remote

communities for services and markets for goods; employ-

ment, health and educational opportunities; and social

activities.

The economic impacts of a landslide event and its

associated vulnerability shadow that closes a road, or other

form of linear infrastructure were summarized by Winter

and Bromhead (2012), in three categories, as follows:

• Direct economic impacts.

• Direct consequential economic impacts.

• Indirect consequential economic impacts.

Direct economic impacts: The direct costs of clean-up

and repair/replacement of lost/damaged infrastructure in the

broadest sense and the costs of search and rescue. These

should be relatively easy to obtain or estimate for any given

event.

Direct consequential economic impacts: These generally
relate to ‘disruption to infrastructure’ and are really about

loss of utility. For example, the costs of closing a road (or

implementing single-lane working with traffic lights) for a

given period with a given diversion, are relatively simple to

estimate using well-established models. The costs of fatal/

non-fatal injuries may also be included here and may be

taken (on a societal basis) directly from published figures.

While these are set out for the costs of road traffic accidents,

Fig. 1 View of the 28 October 2007 debris flows at the A83 Rest and

be Thankful
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or indeed rail accidents, there seems to be no particular

reason why they should be radically different to those related

to a landslide as both are likely to include the recovery of

casualties from vehicles. Indeed, for events in which large

numbers of casualties may be expected to occur, data relat-

ing to railway accidents may be more appropriate.

Indirect consequential economic impacts: Often landslide

events affect access to remote rural areas with economies

that are based upon transport-dependent activities, and thus

the vulnerability can be extensive and is determined by the

transport network rather than the event itself. If a given route

is closed for a long period then how does that affect confi-

dence in, and the ongoing viability of, local businesses.

Manufacturing and agriculture (e.g. forestry in western

Scotland and coffee production in Jamaica) are a concern

as access to markets is constrained, the costs of access are

increased and business profits are affected and short-term to

long-term viability may be adversely affected. Perhaps of

even more concern are the impacts on tourist (and other

service economy) businesses. It is important to understand

how the reluctance of visitors to travel to and within ‘landslide
areas’ is affected after an event that has received publicity

and/or caused casualties and how a period of inaccessibility

(reduced or complete) affects the short- and long-term travel

patterns to an area for tourist services. Such costs form a

fundamental element of the overall economic impact on soci-

ety of such events. They are thus important to governments as

they should affect the case for the assignation of budgets to

landslide risk mitigation and remediation activities. However,

these are also the most difficult costs to determine as they are

generally widely dispersed both geographically and socially.

Additionally, in an environment in which compensation

might be anticipated, albeit often erroneously, those that

have the best data, the businesses affected by such events,

are also those that anticipate such compensatory events.

The vulnerability shadow (Winter and Bromhead 2012)

cast can be extensive and its geographical extent can be

determined by the transport network rather than the rela-

tively small footprint of the event itself. In this particular

case the event itself was of the order of around 400 m3

(Winter, in press) with a footprint that closed a few tens of

metres of the road; the vulnerability shadow can be

estimated to be of the order of 3,500 km2 [albeit including

a significant area of sea (Fig. 2)].

The economic impacts and the vulnerability shadows are

concepts that apply equally to other discrete climate driven

events that have the potential to close parts of the road

network such as flood events. Like landslides, flood events

are generally thought to be likely to increase in frequency as

a result of climate change (Galbraith et al. 2005; Anonymous

2011; Winter et al. 2010; Winter and Shearer 2013).

The work of Schuster (1996), Highland (2006) and

Schuster and Highland (2007) have been especially

informative and helpful in determining the approach to this

work. Ongoing work is targeted at broadening the data set

available for direct and direct consequential economic

impact and further refining the methodology and gathering

data for the indirect consequential economic impacts.

Direct Economic Impacts

Direct economic impacts include:

1. The direct costs of clean-up and the costs of search and

rescue.

2. The repair/replacement of lost/damaged infrastructure in

the broadest sense.

These might otherwise be described as ‘emergency

response’ and ‘remedial works’, respectively and should be

relatively easy to obtain or estimate for any given event. It

was intended that the Direct Economic Impacts of four

events would be determined as follows:

• August 2004 A85 Glen Ogle landslides.

• October 2007 A83 Rest and be Thankful landslide.

• January 2011 A8 Inverclyde flooding.

• January 2012 A78 Largs to Skelmorlie coastal flooding.

Direct economic impacts should be the most straightfor-

ward to determine. Indeed this has generally proved to be the

case with relatively recent events that occurred within the

currency of existing Operating Company (OC) contracts.

Thus, data relating to the 2007 A83 Rest and be Thankful

event was readily available from Scotland TranServ who

were the OC for the north-west at the time of enquiry.

Fig. 2 A relatively small debris flow event closed the A83 at the Rest

and be Thankful in October 2007; the vulnerability shadow that was

cast (bounded in red) was extensive (Winter, in press)
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Data from less recent events such as the landslide

events of 2004 (Winter et al. 2005, 2006, 2009) proved

more difficult to obtain largely as both the operators and

auditors had changed since the events occurred. This has

limited the resolution and reliability of the data that can

be obtained for these events. What data have been obtained

has been derived from high level reporting documents to

Scottish Ministers and Senior Civil Servants and covers

all three of the event groups from August 2004 (A83, A9

and A85). These data have been interpreted and broken

down to the best of the ability of the original authors and

editors of the Scottish Road Network Landslide Study

reports (Winter et al. 2005, 2009). The available data are

given in Table 1.

Direct Consequential Economic Impacts

Direct consequential economic impacts are those that

relate to ‘disruption to infrastructure’ and are really about

loss of utility. For example, the costs of closing a road (or

implementing single-lane working with traffic lights) for

a given period with a given diversion, are relatively simple

to estimate using well-established models. The costs of

fatal/non-fatal injuries may also be included here and may

be taken (on a societal basis) directly from published figures.

Whereas these are set out for the costs of road traffic

accidents, or indeed rail accidents, there seems to be no

particular reason why they should be radically different

to those related to a landslide as both are likely to include

the recovery of casualties from vehicles. Indeed, for events

in which large numbers of casualties may be expected to

occur, data relating to railway accidents may be more

appropriate.

For example, if a road is closed, either fully or partially,

some or all of the users of that route will have to take an

alternative, diversionary route, which may be significantly

longer than the primary route. Even if no diversion is neces-

sary, reduction in the road capacity (e.g. through a lane

closure or the imposition of a speed limit) may mean that

queues form, particularly at peak times, slowing the traffic

flow. These effects can significantly increase road users’
journey times.

The QUADRO (QUeues And Delays at Roadworks)

model provides a method for assessing the costs imposed

on road users while roadworks are being carried out,

considering:

• Delays to road users: the change in road users’ journey
times, priced using the value of their time (e.g. cost to

their employer’s business of the time spent travelling

during the working day) based on the type of vehicle, its

occupants and trip purpose.

• Fuel carbon emissions: the change in carbon emissions

due to vehicle fuel consumption, based on average figures

per litre of fuel burnt and costed using estimated abate-

ment costs (see STAG: Anonymous 2012a/WebTAG:

Anonymous 2012b).

• Accident costs: the change in the occurrence of accidents,

in terms of the additional delay caused and the direct

costs (e.g. property damage, police time and insurance

administration).

The program contains a model for allocating traffic to the

diversion route if the site becomes overloaded, representing

both the road users that queue through the site and those that

take an alternate route. The details of QUADRO, including

all assumptions made in its calculations, are provided in the

manual (DMRB 14: Anonymous 2006).

In order to carry out modelling of a road closure in

QUADRO, a diversionary route needs to be defined. The

QDIV (QUADRO Diversion) tool was used to define these

routes.

QDIV requires each diversionary route to be defined in

terms of a set of links (each defined as rural, urban, sub-

urban or small town) that can be combined in series and

parallel to build up a network. For each event, a simplified

diversionary network schematic was developed and Google

Maps was used to measure the length of each link. Traffic

data, represented as annual average daily traffic (AADT),

were sourced using data form the relevant Road

Administrations.

Where information was not available (e.g. lane and verge

widths), the default values suggested in the QUADRO man-

ual were adopted. Classified (i.e. split into different vehicle

types) traffic counts, and therefore the proportion of heavy

vehicles, were only available for some links; either the

proportion from the closest link or a nominal 10 % HGVs

was assumed. The site data are given in Table 2.

It was assumed that all of the roads affected were rural

all-purpose single carriageways with a speed limit of 96 km/

h (60 mph), reduced to 48 km/h (30 mph) where part of the

road remained open following the landslide, and that the

length of the affected site in each case was 100 m.

QUADRO calculates the costs of user delays, carbon

emissions from vehicles and accidents associated with the

Table 1 Direct economic impacts

Event

Emergency

response

Remedial

works Total

August 2004: A83 Glen

Kinglas to Cairndow

£300 k £300 k

August 2004: A9 N of

Dunkeld

£700 k £700 k

August 2004: A85 Glen

Ogle

£500 k £500 k

October 2007: A83 Rest

and be Thankful

£270 k £1,156 k £1,426 k
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road works, reporting the costs on the basis of an average

day over a whole week. The results of the QUADRO

analyses are shown in Table 3, with the totals for each site

summarised in Table 4.

Careful consideration of the relative traffic levels, and

closure type and duration (Table 1), reveals patterns that are

broadly consistent with those that might be that might be

inferred intuitively, as follows:

• The costs of similar closures depend on traffic levels and

with costs being higher where traffic is higher (A83 2004

compared to A9).

• Doubling the duration incurs higher costs, but may be

reduced if the traffic levels are lower (A83 2004 com-

pared to A85).

• A much longer duration increases the costs significantly

(A83 2007).

Of particular interest are the negative costs (i.e. cost

reductions) for accident cost that suggest a decrease in

accident/accident severity as a result of the diversions. This

seems most likely to be as a result of reduced traffic speeds.

Indirect Consequential Economic Impacts

There is a wide range of possible approaches to estimating

the indirect consequential economic impacts of landslides.

These include the following:

• Cost-benefit analysis.

• Cost-effectiveness analysis.

• Willingness to pay.

• Multi-criteria analysis.

• Methods based upon Transport Appraisal.

In addition there are bespoke methods designed to

address a particular set of circumstances (e.g. MacLeod

et al. 2005; Anonymous 2013).

A survey of businesses has been undertaken in the area of

the 2004 A85 event. This is part of a first phase of work to

ascertain the availability and reliability of data that would be

required in order to identify, and to develop, a measurement

methodology of the indirect consequential economic

impacts of landslides in Scotland.

Table 2 Site parameters for the direct consequential economic impacts analysis

Parameter

August 2004: A83 Glen

Kinglas to Cairndow

August 2004: A9 N of

Dunkeld

August 2004:

A85 Glen Ogle

October 2007: A83 Rest and be

Thankful

Traffic flow (AADT)

(vehicles per day)

5,554 13,864 4,403 5,748

HGVs (%) 9 18 10 10

Junction length (km) 20 18 26 20

Closure type(s) Full closure Full closure then shuttle

working with convoy

Full closure Full closure then single lane

with traffic light control

Closure duration 2 days 2 days (full) 4 days 15 days (full)

6 days convoy 27 days (single lane)a

aThis figure represents the duration of the closure due to the instability and the immediate engineering works required to allow the reopening of the

road. It is acknowledged that the road was subsequently subject to single lane working with traffic light control for a significantly longer period due

to engineering works necessitated by the combination of this and subsequent events in the immediate vicinity

Table 3 QUADRO results, daily closure-related costs for each site: direct consequential economic impacts analysis

Cost (£)

August 2004: A83 Glen

Kinglas to Cairndow

August 2004: A9 N of Dunkeld

(full/single lane closure)

August 2004:

A85 Glen Ogle

October 2007: A83 Rest and be

Thankful (full/single lane closure)

Delay

cost

46,813.86 150,739.14/75,286.29 39,937.00 49,091.57/256.43

Carbon

cost

3,527.57 10,290.14/5,145.14 3,662.43 3,642.43/3.71

Accident

cost

�2,630.86 �6,790.71/�3,395.29 �2,722.71 �2,722.71/478.29

Table 4 QUADRO results, total closure-related costs for each site: direct consequential economic impacts analysis

Cost (£)

August 2004: A83 Glen Kinglas to

Cairndow

August 2004: A9 N of

Dunkeld

August 2004: A85

Glen Ogle

October 2007: A83 Rest and be

Thankful

Delay cost 93,627.72 753,196.02 159,748.00 743,297.16

Carbon

cost

7,055.14 51,451.12 14,649.72 54,736.62

Accident

cost

�5,261.72 �33,953.16 �10,845.16 27,926.82
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Summary and Conclusions

This paper presents the initial results of a study to develop

methods of obtaining data on the economic impacts of

landslides and to obtain such data. The economic impacts

of landslide are considered in three categories: direct eco-

nomic impacts, direct consequential economic impacts, and

indirect consequential economic impacts. This approach is

applicable to other events that reflect relatively discrete

closures due to climate driven events such as flooding.

The work presented herein includes data for four land-

slide events/groups of events that occurred in Scotland in

2004 and 2007. Direct costs range between approximately

£300 k and £1,4oo k while direct consequential costs range

between around £100 k and £1,000 k. The latter are largely

dependent upon the amount of traffic that uses the road and

the duration of the disruption. Work is ongoing to define

the indirect consequential costs of such events.
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A Safety Guideline for Hill-Site Development of
Penang, Malaysia: Challenges and a Way Forward

See-Sew Gue

Abstract

A safety guideline for hillsite developments of a state government has been developed with

the aim of mitigating landslides and saving lives. Landslides often occur in areas with steep

hills especially hills with activities such as developments for residents and commercial or

agricultural purposes. The risk to lives and properties is higher in hillsite developments for

residents and commercial purposes. This paper describes the initiatives taken by a state

government in Malaysia to improve the practice of engineering on slopes for new

developments. This safety guideline was developed for a more transparent and clearer

practice on what needs to be done by main stakeholders, namely developers and their

consultants, contractors and the local authority. The Guideline starts with a simple slope

classification based on gradient for planning approval. The design requirements for a

hillsite development are based on the hazard levels. The required expertise to ensure safety

of slopes with gradient steeper than 25� and above is specified. It also requires an

independent audit of the design and regular inspection of the site to check the compliance

of construction. The qualifications of submission engineers for a proposed development

and its independent checker on slopes greater than 25� are specified to ensure competent

geotechnical engineers with relevant experience to undertake the design and supervision

and independent checking works. The Guideline also details the submission requirements

needed for a proposed development including the formats of geotechnical design and

independent checker reports.

Keywords

Hill-site � Safety � Policy � Guideline � Planning � Slope

Introduction

A clear and transparent Guideline for hillsite development is

very important to ensure safety. A local Government or

authority needs to spell out systematic ways for developers

to submit their proposal of a hillsite development from

planning to design, construction and maintenance.

Objectives

The objectives of the Guideline are to improve safety and

environment of hillsite developments. It provides clear and

consistent application procedures together with a transparent

approving mechanism for Governmental Approval and con-

trol during construction and maintenance.

The Guideline, among others:

• Has made clearer classification of slopes for ease of

implementation at planning stage.

• Has stated the duties and responsibilities of Engineers and

Independent Auditors during design and construction

stages.

S.-S. Gue (*)

G&P Professionals Sdn Bhd, Kuala Lumpur, Malaysia

e-mail: ssgue@gnpgroup.com.my

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 1,
DOI 10.1007/978-3-319-04999-1_29, # Springer International Publishing Switzerland 2014

223

mailto:ssgue@gnpgroup.com.my


• Requires Independent Auditors to visit project sites dur-

ing constructions and report any non-compliance directly

to the local authority for prompt enforcement.

• Has better defined the qualification and experience of key

personnel (geotechnical engineer and independent check-

ers) to ensure quality of works for hillsite developments

during the design and construction stages.

• Has made it mandatory for developers to engage qualified

engineers and independent checkers—having the

required expertise and experience on hillsite

developments and sufficient capacity to design and super-

vise the constructions.

• Requires contractors to comply with the design drawings

and specifications for the slope works.

• Has reduced the requirement for plinth area (maximum

allowable hard surface footprint) for buildings on Class 3

and Class 4 hillside lands, with the intention of preserving

more natural green areas.

• Requires engineered slopes including earth retaining

systems to incorporate green features to enhance

Penang’s natural environment.

Towards a Safe and Green Penang

The Guideline addresses and upgrades existing safety

measures and outlines better project implementation

procedures and effective enforcement. It strives to inculcate

good slope design, construction and maintenance culture.

With its proper implementation, the Guideline will inspire

confidence in the safety of hillsite developments in Penang.

The advisory panel, which drew up the Guideline, will

continue to assist the authorities to effectively implement

and enforce it. This is to ensure that developers, engineers,

contractors and property owners in hillsite areas comply

with good engineering practices relating to the stability of

hill slopes.

Still lingering in the Malaysian public’s consciousness

are the many hill land failures which caused tragedies over

the past 20 years.

The major causes of slope failures can be summarised as

follows:

• Design—inadequate ground investigation, lack of under-

standing of engineering analysis and design.

• Construction—lack of quality assurance and quality

control by contractors and lack of proper site supervision

by engineers.

• Maintenance—lack of slope maintenance culture is

prevalent in both the public and private sectors.

• Communication—lack of communication amongst vari-

ous parties involved in construction.

The resulting loss of lives, destruction to public and

private properties as well as the ensuing legal tangles that

may be still ongoing have triggered various reactions; there

had been conferences, seminars, dialogues, more stringent

rules and regulations and better practices for hillsite

development.

This Guideline makes a concerted attempt to incorporate

all the lessons learnt.

Major Considerations

Numerous guidelines for hillsite developments from various

agencies have been produced after the collapse of Block 1 of

Highland Towers in 1993. This Guideline aims to simplify

existing procedures and to improve the safety of hillsite

developments.

To further improve the safety of slopes and earth

retaining systems, this Guideline has some major

considerations that include:

• Slope classification for planning approval has been

simplified for clarity and consistency.

• Design requirements of slope have been strengthened

through clearer definitions.

• The required qualifications of engineers including geo-

technical engineers needed for different terrain classifica-

tion of slopes are established.

• The requirement and need for independent auditors is not

better defined and the input is extended beyond design to

include inspection during construction.

• Maintenance of slope needs proper input by the Engineers

which includes the need to produce maintenance manuals

so that owners know their responsibilities and what

entails in the maintenance of slopes.

• The maximum allowable hard surface footprint has been

intentionally reduced by more than 5 % for Class 3A and

3B and about 20 % for Class 4A and 4B slopes. This will

improve safety and enhance the preservation of the green

environment.

• Geotechnical engineers shall provide solution for

localised Class 3 and 4 slopes within the proposed

development.

• Proposed development on flat land adjacent to potentially

unstable slope, as shown in Fig. 1 which could not be

strengthened for any reason including its inaccessibility

due to trespass and/or land issues, will require a suitable

buffer zone. The width of the buffer zone should be at

least the height of the slope.

• Proposed development on potentially unstable slope as

shown in Fig. 2, which could not be strengthened due to

inaccessibility and/or land issues, shall not be allowed.
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Classifications of Slopes

Slopes are classified according to slope gradient and type

(Fig. 3).

The slope gradient, in degrees, is measured from the

horizontal plane. Sufficient survey points shall be obtained

to produce accurate contour lines at 5 m intervals. More

survey points shall be obtained at localized areas such as

existing slip, man-made slopes/structures, etc. The extent of

survey shall include an area beyond the land boundary not

less than 20 m.

The type of slopes is divided into natural or man-made

slopes. Man-made slopes are further divided into cut or fill

slope. Higher risk is associated with fill slopes.

Table 1 shows the Slope Classification for Design

Purposes. The table also shows the associated risk and the

maximum allowable hard surface footprint. The maximum

allowable hard surface footprints for Class 3A, 3B, 4A and

4B are reduced in this guideline as compared to the previous

guidelines. This is to preserve green areas and to allow easy

maintenance and strengthening of slopes.

The maximum allowable hard surface in Table 1 below is

applicable to all allowable developments. Nonetheless, the

state’s planning policy at the material time, including any

height restriction shall take precedence.

Table 2 shows the submission requirements for all the

classes of slopes by submission engineers. The qualifications

of the submission engineers are stated in Table 3. Table 4

states the responsible party for the appointment of Geotech-

nical Design Engineer and Independent Checkers.

Please take note of the following:

• The Civil Engineer and Geotechnical Engineer for a

particular project can be the same or different engineer.

• The Geotechnical Engineer and Independent Auditor for

a particular project must be different engineers. They

must also not be from the same firm.

During construction, proper and adequate supervision are

important. Table 5 states the construction supervision

requirement.

Submission Requirements

Pre-submission Consultation

Submitting Person (SP)—be it the Planner, Architect, Engi-

neer, Geotechnical Engineer or Surveyor—shall engage in

pre-submission consultation with the relevant departments

prior to submission of Layout Plan and Geotechnical Report

for all hillsite development projects.

The submitting person shall compile or make available

some basic documents and/or information for discussion

during the pre-submission consultation with the relevant

authorities. For example land classification, land suitability,

preliminary proposed Layout Plan, Land Survey plan and

Terrain Mapping.

Preparation of Final Layout Plan and
Geotechnical Report

The SP shall ensure that there will be no more changes made

to the Layout Plan and shall order the Final Geotechnical

Fig. 2 Development on slope

Fig. 1 Buffer zone

Fig. 3 Penang Island’s hill land distribution
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Report to be prepared for concurrent submission to One-

Stop Centre (OSC) of the authority.

Changes made during the delivery process may result in

re-submission of Layout Plan and Geotechnical Report for

approval.

Figure 4 shows the colours to use in preparing terrain map

and submission flow chart with timeline for approval was

also included to ensure effective implementation.

Notes to the submission flow chart

1. Pre-Submission Consultation

2. Preparation of final Layout Plan and Geotechnical Report

for Submission

Table 1 Slope classification for design purposes

Class Slope gradient

Associated risk

Maximum allowable

hard surface footprintNatural slope

MAN-made slope

Cut Fill

1 0�–15� Low Low Low Refer to current policy

2 >15�–25� Low Low Low

3A >25�–35� Medium Medium Not applicable 35 %

3B >25�–35� Not applicable Not applicable High 35 %

4A >35� High High Not applicable 30 %

4B >35� Not applicable Not applicable Very high 30 %

Table 2 Submission requirements

Class Submission requirements

1 (Low risk) Slope stability analysis by Civil

Engineer

2 (Low risk) Geotechnical design report by

Geotechnical Design Engineer

3A (Medium risk), 3B, 4A

(high risk), 4B (very high risk)

Geotechnical design report by

Geotechnical Design Engineer and

Geotechnical review report by

Independent Checker

Table 3 Qualifications of engineers

Submission

engineer Qualifications

Civil Engineer 1. Meets relevant Local Authority’s
requirements

2. Registered Professional Engineers with

Board of Engineers, Malaysia (BEM)

Geotechnical

Design Engineer

1. Meets relevant local authority’s
requirements

2. Registered Professional Engineers with

BEM with minimum 3 years practical

geotechnical experience and 1 year gained in

Malaysia

Independent

Checker

1. Meets relevant local authority’s
requirements

2. Registered Professional Engineers with

BEM with

(a) At least 10 years relevant practical

experience in the design or construction of

buildings and, during the period 7 years

immediately preceding the current

appointment, has been engaged in

geotechnical design after registration as a

professional engineer with at least 1 year of

such practical experience gained in Malaysia

(b) At least 3 years relevant practical

experience in slope engineering with at least 1

year of such practical experience gained in

Malaysia

OR

Registered Accredited Checkers

(Geotechnical) with BEM

Table 4 Appointment of Geotechnical Engineer and Independent

Checker

Class Appointment

1 (Low risk) Geotechnical Design Engineer is not

required

2 (Low risk) Appointment of Geotechnical Design

Engineer by Developer

3A (Medium risk), 3B

and 4A (high risk)

Appointment of Geotechnical Design

Engineer and Independent Checker by

Developer

4B (Very high risk) Appointment of Geotechnical Design

Engineer and Independent Checker by

Developer and concurred by Local

Authority

Table 5 Construction supervision requirements

Class Supervision requirements

1 and 2 (Low risk) No changes to existing requirements as

stipulated in UBBL Sections 5 and 7

3A (Medium risk), 3B

and 4A (high risk)

Additional audit via site visits shall be

carried out by Independent Checker

Minimum frequency of site visits shall be

once a month

4B (Very high risk) Additional audit via site visits shall be

carried out by Independent Checker

Minimum frequency of site visits shall be

once every fortnightly

Instrumentation monitoring shall be

carried out to monitor conditions of

slopes

226 S.-S. Gue



3. Submission to One-Stop Centre

4. Submission of Geotechnical Report to JKR (Malaysian

Public Works Department)

5. Comments and Requirements by Geotechnical Engineer

6. Compliance of Requirements by Geotechnical Engineer

7. Approval of Geotechnical Report

Appointment of Competent Engineers

The Guideline also includes the method and procedure of

selecting engineers by ability shall be as follows:

• Technical competence

• Managerial ability

• Availability of Resources

• Professional Independence and Integrity

• Fairness of Fee

• Quality Assurance System

These are very important criteria to be considered in

selecting a competent engineer.

The other considerations are the engineer’s personal

attributes such as having good commitment towards

projects, communication skills and engineering judgement,

and these should be well augmented with their experience in

the industry.

Maintenance Inspection

The maintenance of slopes and earth retaining walls should

generally follow the specific guidelines with a maintenance

manual prepared by the Consulting Engineer.

A Way Forward

This Guideline needs the commitment of all the stakeholders

to improve safety of hillsite development and enhance the

environment. To succeed, it demands:

• Developers must engage their competent engineers and

contractors with capability and capacity.

• Engineers must exercise due skill and care when

performing their duties in planning, analysis, design and

supervision, and must complement these duties with a

regiment of quality checking and review. Their service

must include the preparation of maintenance manuals and

the duty of adequate post-construction inspections.

• Contractors must have trained personnel and proper and

adequate plant and equipment to meet the design and

specification requirements of the works. The importance

of implementing temporary works for safety, site control

and erosion protection must be instilled in the workers

and implemented at the construction site.

• Approving authorities must have experienced engineers

in their geotechnical units to facilitate and enforce com-

pliance with the Guideline.

When hard surfaces such as earth retaining systems and

reinforced slopes have to be constructed to enhance or

achieve safety, all stakeholders must be committed to the

green initiative to incorporate planting provisions on these

facilities to achieve a friendlier environment.
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Fig. 4 Colour code for terrain
mapping
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Guidelines and Initiatives in the Aftermath
of Highland Towers Landmark Landslide

Abdullah Che Hassandi

Abstract

After the 1993 Highland Towers landslide, the Government of Malaysia drafted several

new guidelines to control development on hillsides and hilly terrain. Some initiatives, such

as carrying out a national slope master plan study, landslide public awareness and education

programs and amendments to relevant legislation to incorporate landslide elements, have

been introduced to reduce the risks. Some of the initiatives from the state governments were

triggered by the actions taken by the federal government. This paper discusses the effec-

tiveness of these measures and other initiatives that are currently under consideration.
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Introduction

Based on the National Slope Master Plan study it has been

estimated that approximately USD one billion has been lost

due to landslides in Malaysia. The number of deaths due to

landslides from 1973 to 2013 is approximately 613 (includ-

ing deaths due to debris flow). The first recorded landslide

incident, which is still quoted as a landmark event in

Malaysia, occurred on December 11, 1993 when one of

three condominium blocks toppled over. As a result of the

incident, 48 people were killed in one block and the residents

of the other two apartment blocks were asked to vacate when

the government declared the still standing blocks to be

unsafe. Before this, no landslide had killed so many people.

The fact that the incident—which came to be known as the

Highland Towers landslide—happened so near the capital

city of Kuala Lumpur resulted in a much-publicised search

and rescue operation and extensive and lengthy media atten-

tion. The litigation that ensued only came to closure in 2006.

Figure 1 shows the apartment block that collapsed and the

two remaining blocks, now abandoned.

Initiatives for Slope Management After 1993

Some initiatives were carried out by the Malaysian govern-

ment to address the issues on landslide risks and losses.

Some of the initiatives were independent of the federal

government initiatives, but were spun off from the

government-initiated programs. Some of the initiatives

were taken by the state governments, local authorities and

NGOs. The initiatives that unfolded in the aftermath of the

disaster are presented in the following sections.

Establishment of Special Malaysia Disaster
Assistance and Rescue

During the rescue operations of the Highland Towers land-

slide, the government immediately realised the inadequacy

of the Fire and Rescue Department team at that time to carry

out search and rescue operations such as this one. External

assistance from Japan, United Kingdom and even as far

away as United States arrived days later to search for
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survivors. Only three people were rescued alive, although

one of them later succumbed to injuries. As a result of this

experience, the Special Malaysia Disaster Assistance and

Rescue Team (SMART) was then established in 1995. The

department specializes in search and rescue operations dur-

ing disasters such as landslides. Recently, however, there

have been questions about the need of having SMART when

there is already in existence the Fire and Rescue department

and Civil Defence Department that are doing almost the

same thing.

Guidelines for Development on Hillsides

Malaysia’s economic development began in earnest in the

late 1980s from an agricultural economy to a manufacturing

one. The economy grew approximately 9 % from 1987 to

1997 (The Encyclopedia of Nations). With the economic

boom, physical development grew dramatically in major

cities such as the capital city of Kuala Lumpur and Penang

Island. Development began to encroach onto hilly terrain

areas surrounding the cities, and new roads were built tra-

versing through mountain ranges. As a result of the rapid

developments, the frequency of landslides and associated

fatalities also increased. This phenomenon is in agreement

with the observations made by Remendo et al. (2005) with

regards to the relationship between frequency of landslides

and human activity.

However, it is important to note that not all landslides are

due to development; others may be due to extreme weather

conditions and natural causes.

The findings from the Highland Towers disaster indicate

that the following were lacking or inadequate:

• The local authority did not have the capacity and capabil-

ity to approve developments on hillsides,

• There were guidelines on development on hillsides for

developers and local authorities,

• Planning, design and construction processes lacked ade-

quate standards for development that carries higher risks,

• Maintenance of man-made slopes was not carried out,

and there were no provisions for the authorities to take

any actions against the guilty parties unless there were

signs of impending danger to the public.

In 1997, a set of guidelines titled ‘Development

Guidelines in Hilly Terrain Areas,’ were prepared by the

Ministry of Housing and Local Authority. Risk was

associated with how steep the natural slope was before

development. Slopes that are more than 25o are considered

high risk and slopes that are less than 25o are considered low

to medium risk. The guidelines were vague; slope features

regarding buffer zones, height of hills or mountains where

developments were allowed and not allowed were not

specified. Lack of clarity and difficulty in enforcement

resulted in complete abandonment of the guidelines. Nobody

remembers ever abiding by these first guidelines.

Subsequently, in 2005, new guidelines were drafted by

the Ministry of Natural Resources and Environment. Input

from various agencies such as the Public Works Department

and the Department of Minerals and Geosciences were

sought during the drafting of the guidelines. This time, the

guidelines were more specific; for example, natural slopes

were divided into four categories based on slope gradients

from 15� to 35� and geological conditions of the slope, i.e.,

whether the slopes in the area are prone to instability or

excessive erosion. For slope gradients greater than 35o no

development was allowed. But again, buffer zones were not

mentioned in the guidelines, and the density of build-up

areas was also not specified. Although better than the one

in 1997, the revised guidelines were still inadequate, with

loopholes that developers could manipulate to their

advantage.

The years 1993–2008 saw an increasing number of

landslides and fatalities due to landslides (Fig. 2). During

this period there were more than ten major landslides that

cost more than USD 500 million in losses (Slope Engineer-

ing Branch). In 2008, there was a major landslide at Bukit

Antarabangsa near Kuala Lumpur that killed five people and

destroyed 14 houses. More than 5,000 people in the

neighbourhood were directly affected by the landslides

because the road leading to their houses was completely

cut off and basic facilities such as water and electricity

supplies were disrupted for more than 3 days. Having

another major landslide only 1.4 km away from Highland

Towers caused a huge public outcry. People started to com-

pare the two landslides and at the same time lamenting that

the government had not done anything since the Highland

Towers disaster.

Fig. 1 The collapsed apartment building with the abandoned ones in

the background
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In Malaysia, especially in the cities, the public always

blame the government for any disasters that occur. Questions

such as:

• Why did the government approve the development to be

carried out when it knows that the areas are risky?

• Why wasn’t there any enforcement and monitoring done

on works by errant developers?

• Has the government learnt nothing from the previous

landslide incidents?

These are some of the questions raised in the media after a

major landslide such as the recent Bukit Antarabangsa land-

slide. Usually, it is the local authorities that bear the brunt of

this public anger. Sensing the need for stringent controls on

developments on hillsides, the federal government in 2008

instructed the Ministry of Housing and Local Authority to

draft new guidelines that were more comprehensive and less

ambiguous to replace the 2005 guidelines. The guidelines

were approved by the Cabinet in 2009 and came into effect

immediately after it was approved by the Prime Minister and

chief ministers of various states during the 62nd National

Assembly for Local Authority. After that they were

published by the Ministry of Housing and Local Authority.

New additions to the guidelines were specific and clear:

• Buffer zones for buildings to be included in the develop-

ment plan

• Maximum height of man-made slope cannot exceed 42 m

• Maximum building footprints for hilly and mountainous

areas are specified

• Procedures for approval and time allocations for these

approvals are indicated

• On hazardous slopes, independent checker has to be

appointed by developer and approved by the local

authority

• References are made to technical guidelines or manuals

produced by relevant technical agencies that are related to

slopes

• Areas where no development is allowed are also

specified.

• No developments are allowed if the average slope angle is

more than 35o

After the federal guidelines were published, some states

and a federal territory have come up with their own

guidelines for hillside developments. These states are gener-

ally more affluent. The states that published their own

guidelines are Kuala Lumpur City, Selangor and Pulau

Pinang. The state guidelines were published and came into

force from 2010 to 2012. Some of these guidelines are more

stringent than the federal guidelines whereas others are more

accommodating to development. Many developers were not

happy with the guidelines because of the restraints imposed

on the land use especially where lands are a scarce commod-

ity. However, from the standpoint of the government, the

existence of guidelines ensured that developers, planners,

designers, landowners, and local authorities carry out their

roles and responsibilities. The guidelines also serve to clar-

ify the role and scope of the government in slope matters and

services. It is not uncommon for private landowners to report

abnormal conditions that may or may not be related to slope

instability to the Slope Engineering Branch of the Public

Works Department or local authorities instead of retaining

the services of private geotechnical engineers or geologists.

Most of the public believes that this is completely legitimate

since they pay taxes.

The government also set up a clearinghouse for develop-

ment orders in the form of a ‘One Stop Centre’, which
comprises relevant technical agencies that review develop-

ment applications, particularly those on hillsides. While the

idea for this procedure is sound, in reality some of these

agencies do not have the technical capability at district and

state levels to provide advice to the local authorities.

The guidelines and legislation relating to slope develop-

ment and management have been used to good effect by

0

50

100

150

200

250

300

350

400

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

19
74

19
75

19
76

19
77

19
78

19
79

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

Reported Landslide Reported Fatalit ies

F
at

al
iti

es

N
um

be
r 

of
 L

an
ds

lid
es

Fig. 2 Increase in the number of landslides and landslide fatalities between 1973 and 2011

Guidelines and Initiatives in the Aftermath of Highland Towers Landmark Landslide 231



some local authorities, especially those in and around Kuala

Lumpur. However, some local councils are still oblivious to

the guidelines and the relevant legislation. These guidelines

are not applicable to designated agricultural areas such as

Cameron Highlands, a well-known agriculture and highland

resort area. There are also areas outside the local authority

that are under the district land office where the guidelines are

not enforced.

Although quite stringent, the 2009 guidelines provide

greater power to the local authorities to exercise control

over development on hillsides, especially in the cities

where the public are more educated and vocal. However,

the guidelines have to be revised from time to time to meet

the demands for affordable housing whilst at the same time

not putting the population at unnecessary risks.

Establishment of the Slope Engineering Branch
and Its Activities

In October 2003 a rockslide at Bukit Lanjan near Kuala

Lumpur caused a toll expressway to be closed for more

than 6 months. The expressway was one of the busiest

expressways in Malaysia. The rockslide caused massive

congestion in the capital as traffic was diverted to other

roads that do not have the capacity to bear additional traffic

load. As a result of this landslide, on February 2, 2004 the

Malaysian Cabinet instructed the Public Works Department

to establish a dedicated slope engineering division to reduce

risks and losses due to landslides.

The National Slope Master Plan

In the same year the Cabinet instructed the Slope Engineer-

ing Branch to carry out a National Slope Master Plan

(NSMP) study. The NSMP study was approved by the Cabi-

net in August 2009. The NSMP Terms of Reference was

partly based on USGS Circular 1244 (Spiker and Gori 2003)

and works by the Committee on the Review of the National

Landslide Hazards Mitigation Strategy Board of the

United States National Research Council (2004). In USGS

Circular 1244 there are nine components that form the

mainstay of the NSMP study; the component Policy and

Institutional Framework was added in the Malaysian study.

Thus, the NSMP consists of ten components. The

components are:

1. Policy and Institutional Framework

2. Hazard Mapping and Assessments

3. Early Warning System and Real Time Monitoring

4. Loss Assessment

5. Information Collection, Interpretation, Dissemination

and Archiving

6. Public Awareness and Education

7. Loss Reduction Measures

8. Training

9. Emergency Preparedness, Response and Recovery

10. Research and Development.

One of the recommendations in the NSMP is the setting

up of a dedicated agency to oversee slope management

throughout the country. In theory this seems to be a step

forward; however, in Malaysia, land and water affairs are

completely under the jurisdiction of the state. Federal gov-

ernment and agencies exercise little or no control over these

matters. Thus, the agency has yet to be set up, although some

quarters are pushing for its establishment.

Hazard and Risk Assessment
The NSMP implementation plans fell behind schedule due to

many constraints, funding and human resource being a few

of them. However, for the hazard and risk mapping compo-

nent, considerable progress has been made, especially

mapping in landslide-prone areas such as Ampang Jaya

(where many of the landslides had occurred including the

Highland Towers landslide), Penang Island and Canada Hills

in Miri, Sarawak. The hazard and risk maps were given to

local authorities for their planning, inspection and mainte-

nance programmes. Some of the authorities have made good

use of the information given to them, whereas others have

had difficulty in making use of the information due to inade-

quate technical capability and funding. One of the issues is

that local authorities do not possess the GIS-based software

used for displaying the maps. The Slope Engineering Branch

is currently working on putting the map online for usage by

the local authorities. The access has to be through a secure

website since the maps are not made public. More hazard

and risk mapping works are in the pipeline. The Slope

Engineering Branch will continue to collaborate very closely

with the local authorities to update information and ensuring

that the data produced is fully utilised.

Public Awareness and Education
Another component where considerable progress has been

made is public awareness and education. The programmes

started before the completion of the of the NSMP study. The

programme consisted of campaign activities for various

target groups. One of the most important groups is the

communities in at-risk areas because of the obvious risk to

life and property. The assumption at the outset of the

programme was that public awareness to this group would

yield the best results among all the target groups because of

the immediate safety concern to themselves (Motoyama and

Abdullah 2011). As a result of the campaign, an NGO that

teaches communities on recognising and reporting signs of
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landslides was established in Bukit Antarabangsa, the loca-

tion where a major landslide occurred in 2008.

Other awareness activities consist of roadshows to the

general public via exhibitions in malls; giving out

brochures on landslide pertaining to signs; community-

based slope inspection and maintenance; and advertorials

in newspapers and on television. The campaigns seem to be

working based on the increased number of complaints

received by the Slope Engineering Branch and feedbacks

from the public. Figures 3 and 4 show one of the

exhibitions carried out in a mall and newspaper advertorial

in four different languages representing the four major

ethnic groups in Peninsular Malaysia. In Sabah and

Sarawak, the languages used by the communities are dif-

ferent from Peninsular Malaysia but all of them understand

Malay or English.

The authorities are the only government body with the

charter to enforce safety guidelines and by-laws and

engage in maintenance measures. Because they are the

first line of contact with the residents, it is crucial that

the engineering departments of the authorities are well

trained and well equipped. Several training programmes

were carried out in collaboration between the Slope Engi-

neering Branch and the Ministry of Housing and Local

Authority. Training modules usually cover good construc-

tion practices, inspection and maintenance. But most

importantly, local authorities are taught to recognise and

prioritise signs of landslides. Prioritisation helps in

allocating resources and funds in order of urgency. A lot

more has to be done to ensure that the capacity and

capabilities of the local authorities can cater to the increas-

ing issues and demands posed by the public, especially

those living in landslide-prone areas. A few local

authorities have shown marked improvement in handling

and acting on complaints from the public.

Early Warning System and Real Time Monitoring
An initial study for an area-based warning system was

conducted for a mountainous road connecting Tapah, a

small town at the foothills, to Cameron Highlands, an agri-

cultural and tourist centre situated in the middle of the

mountain range that divides Peninsular Malaysia into east

and west. The study tried to correlate rainfall patterns with

landslides in the area. Additional studies are currently under-

way to provide a higher confidence level such that early

warnings can be provided to the motorists and members of

the public living in the highlands. The study is expected to be

completed within 5 years, culminating in a warning system

that can inform motorists of the danger level during rainy

seasons or when the antecedent and intensity rainfall

exceeds a threshold limit.

A localised landslide monitoring system has been set up at

two locations along the Simpang Pulai-Cameron Highlands

Road, which is an alternative road to Cameron Highlands.

The system used for this site is an automatic total station that

sends data every three hours to the Slope Engineering Branch

in Kuala Lumpur via GSM networks. In the event where the

network is not available, communication is done via satellite.

This kind of monitoring system is installed only in situations

where slope strengthening works are too costly. The localised

monitoring system is used on a case-by-case basis. Figure 5

shows a slope that has slipped by more than 30 m at the crest,

and Fig. 6 depicts a graph displaying the movements that

have been monitored and measured at one of the locations on

the surface of the slope since 2003.

Information Collection, Interpretation and Sharing
The information collection, interpretation, dissemination

and archiving component started with the formation of the

Slope Engineering Branch in 2006. The GIS-based system

known as the Integrated Slope Information System gathers

and disseminates information for use within the division,

although there are plans to extend the service to relevant

agencies and local authorities. Information sharing among

the relevant agencies is under discussion with the formation

of the Interagency Committee on Slope Management. The

committee is chaired by the National Security Council with

the Slope Engineering Branch playing the role of the secre-

tariat. One of the key information that can be shared is

rainfall data, which is collected by three organisations: the

Slope Engineering Branch and expressway concession

companies, which requires the data for landslide warning

system; and Drainage and Irrigation Department, which

requires the data for flood forecasting and warning.

Other data that can be shared are aerial photographs,

satellite images and LiDAR data that some of the agencies

have produced at one time or the other for their study or

investigation. Data sharing can reduce redundancies in data

collection and generation.

Fig. 3 Exhibition carried out in a mall
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Conclusions

Various initiatives to reduce the risk of landslides, espe-

cially on man-made slopes, commenced after the High-

land Towers disaster in 1993. The first was the setting up

of the SMART rescue unit that specialises in search and

rescue operations during disasters such as landslides.

This initiative was spurred by a series of other landslides

after the Highland Towers incident including the Bukit

Lanjan and Bukit Antarabangsa landslide in 2008.

Another was the creation of guidelines for development

on slopes and hilly terrains, which have gone through

several changes since the first release in 1997. Due to

pressure from the public the guidelines have become

stricter. The latest was published in 2009 by the Ministry

of Housing and Local Authority. After the establishment

of the Slope Engineering Branch more initiatives were

formulated. In 2009 the NSMP was published to steer the

course for better slope management throughout the coun-

try. Some of the components in the NSMP have made

reasonable progress such as hazard and risk mapping;

public awareness and education; warning systems; and

information collection, dissemination and sharing. How-

ever, others have not progressed as planned. To ensure

Fig. 4 Newspaper advertorial in

four languages

Fig. 5 Landslip at the crest of the mountain and some markers

installed on the slope for real time monitoring
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that the other initiatives are eventually carried out and

the government maintains its commitment towards slope

safety, public awareness and pressure must be continued

and sustained.
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Introduction: Climate and Land-Use Change Impacts
on Landslides

Vı́t Vilı́mek and Mike Winter

Abstract

Landslides may be triggered by a variety of factors and processes. Amongst the most

important and common of these is rainfall whether in the form of high-intensity short-

duration storms, lower intensity higher-duration antecedent events or a combination of

both. Nevertheless we have to consider carefully all of the meteorological factors as

triggers with respect to the complexity of the natural environment. This is especially

important during times of rapid climate change and associated land-use change. The total

annual amount of precipitation, the distribution of precipitation through the year, and the

frequency and magnitude of extreme rainfall events are all important factors. Regional

variations are extremely important and the handling of uncertainties in the climate change

predictions is very important.

Keywords

Climate change � Land-use � Rainfall � Mountain environment

Climate and land use changes can significantly affect slope

instability and landslide evolution, both positively and neg-

atively, and alter the magnitude and/or frequency of such

events. The impacts of climate and land use changes may be

especially significant in sensitive mountain environments.

The scope of the papers that follow this short introduction

encompasses the impact of these changes on landslide

triggers (e.g. rainfall, flood, freeze-thaw), landslide fre-

quency and magnitude, and the associated changes to geo-

graphical and temporal patterns of landslide hazard and risk.

In terms of the timescales over which climate change, in

particular, are viewed it is recognized that demographic

change, including factors such as changing population

distributions and travel patterns, are an important consider-

ation in the evolution of patterns of risk.

Landslides of different types and within different climatic

zones and geomorphological settings are described within

the papers. There is a focus on improving the understanding

of the impacts on triggering factors, and the distribution of

hazard and risk in order to increase the effectiveness of

landslide risk reduction.

Slope deformations are influenced by a wide range of

factors including the geological and geomorphological

settings, water, vegetation, anthropogenic activity as well

as meteorological events such as intense and/or lengthy

rainfall events. Climate is the long-term manifestation of

meteorological patterns and has a clear influence on slope

movements albeit that it is not a straightforward matter to

assess the influence of such changes on instability. Whether

the cause of climate change is natural or anthropogenic, and

there is both a significant body of evidence and a strong

consensus of opinion that point towards anthropogenic activ-

ity as the cause, the meteorological manifestations of such

change will have an effect on various types of slope defor-

mation. Climatic factors influence the origin as well as the
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development of the deformation, which means that changes

in meteorological factors over the period during which some

large landslides are active can induce a corresponding

change in the development of slope movements. As a result

it is important that the individual meteorological parameters

are considered, although it is not easy to evaluate the impact

for each parameter (e.g. total precipitation, temperature

changes, etc.).

Scale is also a very important consideration. Patterns that

are both clear and important at the large-scale can very

easily mask important details at the small-scale and a clear

understanding of the boundaries, limitations and the scale of

any data set, and the associated analysis and conclusions, is

vital. The forecast climate changes vary from region-to-

region and the papers should be seen in this context: that

is, as region-specific analyses of the actual and/or potential

effects of climate change on slope movement patterns for

one or more specific landslide type.

No thematic set of papers on climate change, let alone

one that considers its effects on landslides, would be com-

plete without considering uncertainty. In terms of the poten-

tial variability in climate changes, and the subsequent

impacts, the statement widely attributed to Donald

Rumsfeld, the former US Secretary of Defence at a Defence

Department briefing in 2002, is pertinent:

“There are known knowns. There are things we know that we

know. There are known unknowns. That is to say, there are things

that we now know we don’t know. But there are also unknown

unknowns. There are things we do not know we don’t know.”

This may be framed as follows (Winter et al. 2010):

Known knowns: These include historic and recent cli-

mate trends, their relation to current patterns and the fact of

climate change (the sequence of emissions, global warming,

and climate change and instability).

Known unknowns: The precise degree and nature of

climate change and some of its impacts, particularly in the

light of the variability in climate change forecasts and likely

instability in year-on-year climate patterns. These impacts

might, for example, include the reaction of vulnerable

human populations to both climate change and instability.

Unknown unknowns: The nature of some other impacts

of climate change, although as these are genuinely unknown

unknowns these will really have to wait until our knowledge

is more complete—that these are unknowns is after all the

point. Possibly the real value of this element of the frame-

work is as a reminder that there will always be issues that

arrive unexpectedly out of the leftfield.

This emphasises the need for effective and ongoing com-

munication both within and between the professions. If we

are to thrive in an uncertain future, we must be able to bring

to bear the talents and resources of a suitably broad range of

people to provide effective solutions to the problems that

will face society as a result of global change.
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Modelling the Influence of Tree Removal
on Embankment Slope Hydrology

Kevin Briggs, Joel Smethurst, and William Powrie

Abstract

Trees cover the slopes of many railway earthworks supporting the United Kingdom’s
transport network. Root water uptake by trees can cause seasonal shrinkage and swelling

of the embankment soil, affecting the line and level of the railway track. This requires

continual maintenance to maintain the serviceability of the track and reduce train speed

restrictions. However, the removal of trees from railway embankment slopes and the loss of

soil suctions generated by root water uptake may negatively impact embankment stability,

particularly during periods of wet weather. An improved understanding of the influence of

tree removal on embankment hydrology is required so that infrastructure owners can

develop a managed system of vegetation clearance.

Hydrological field monitoring data from an instrumented railway embankment are

presented and compared with a finite element model of root water uptake incorporating

daily weather data. It is shown that trees maintain persistent suctions within their root zone

which are unaffected by seasonal wetting and drying at the soil surface. However, the

removal of trees from the embankment slope causes wetting of the soil from the soil surface

as persistent soil suctions within the root zone are lost.

Keywords

Tree removal � Hydrological modelling � Transport infrastructure

Introduction

Trees cover the slopes of many earthworks supporting the

United Kingdom’s railway network. Many of these trees are

deciduous, transpiring and removing water from the soil

during the summer months. Deciduous trees remain dormant

in the winter and cease to remove water from the soil, during

which time rainfall rehydrates the soil from the surface. This

seasonal pattern of soil wetting and drying causes volume

change in high plasticity clays. For tree-covered railway

embankment slopes in areas of high plasticity clay, such as

the London Clay basin, seasonal volume change of the soil

can affect the line and level of the railway track. However,

trees can provide a beneficial contribution to slope stability,

through mechanical root reinforcement and the generation of

soil suctions within the tree root zone. Railway infrastruc-

ture owners require a better understanding of tree influence

on pore water pressure variation within slopes, to assess the

impact of tree removal on railway embankment hydrology,

deformation and hence stability.

Trees draw water from their root zone, which typically

extends to about 2–3 m depth (Biddle 1998). In addition to

seasonally wetting and drying the soil, mature trees have

been shown to develop persistent suctions within their root

zone that help to maintain the stability of railway
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embankment slopes (O’Brien 2007; Glendinning et al.

2009). In some railway embankments constructed of low

permeability clay fill, surface water is unable to infiltrate to

greater than 1–2 m depth during the winter months. This

allows zones of persistent suction to develop below 1–2 m

depth on tree-covered slopes. In over-steep embankments, or

where the clay fill has reduced strength due to strain soften-

ing of the clay, these persistent suctions may be crucial in

preventing deep-seated instability of the embankment slopes

(Scott 2006). Removal of mature trees from railway

embankment slopes may negatively impact their stability,

particularly during periods of wet winter weather.

Railway infrastructure owners, such as Network Rail,

have been removing vegetation from the upper part of rail-

way embankment slopes to reduce localised movements

affecting the line and level of the railway track. Observations

of changes in pore water pressure and soil moisture content

in response to tree removal are required. This will allow

railway infrastructure owners to assess the impact of tree

removal on railway embankment hydrology, so that a man-

aged system of vegetation clearance may develop.

This paper presents monitoring data from an instrumented

railway embankment with mature tree cover and a history of

seasonal railway track movement. Trees were removed from

the embankment slope after 1 year and the mechanical and

hydrological response of the slope was measured for an

additional two and a half years. A hydrological model

incorporating a climate boundary condition is used to under-

stand the influence of tree root water uptake on slope hydrol-

ogy, for comparison with the field measurements from the

embankment slope.

Field Measurements

Site Description and Instrumentation

The instrumented embankment is situated on the Shenfield-

Southend Victoria line in the south east of England. The

embankment is 5.5 m high, with typical slope angles of 23�

on the north side and 20� on the south side. The embankment

is constructed of intermediate to very high plasticity clay fill,

excavated from a local cutting during construction in the

1800s. The embankment is founded on London clay and has

a layer of granular ash covering the upper slope (Briggs

2011). Prior to vegetation clearance the embankment was

vegetated with mature and semi-mature trees covering the

north and south slopes. In March 2007 trees were removed

from the upper two-thirds of both slopes. The extent of the

tree clearance is shown in Fig. 1.

Instrumentation was installed at the site during March

2006 by Smethurst (2010). Instrumentation was installed

on both the north and the south slopes of the embankment

(Fig. 1), with groups of instruments located at the crest, mid

slope and the toe. A neutron probe with access tubes

installed in the embankment slope and TDR ThetaProbes

were used to measure soil moisture content. Pore water

pressure was measured using GeO-flushable piezometers

capable of measuring suctions of up to 90 kPa (Ridley

et al. 2003) and conventional standpipe piezometers. Lateral

and vertical movement of the embankment was measured

using inclinometers and extensometers. Rainfall was

measured using a tipping bucket rain gauge installed on the

embankment slope. The instrumentation of the embankment

is described by Briggs (2011).

Monitoring Results

Removal of trees from the embankment slope caused the

embankment soil to swell, pore water pressures within the

embankment to increase and volumetric water content to

increase from a persistently dry profile to a saturated

condition.

Vertical displacement measured at the crest of the north

slope of the embankment showed downward movement

(settlement) of the embankment during the summer of

2006 followed by upward movement (heave) during the

Fig. 1 A cross section of the

instrumented embankment

showing the location of geo-

piezometers (G), standpipe

piezometers (S), inclinometers

(I), extensometers (E), neutron

probe (NP) and TDR theta probes

(T)
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winter of 2006/2007. Following tree removal in 2007 the

seasonal movement of the slope ceased and the crest of the

embankment continuously moved upward as the clay

swelled. The swelling extended to approximately 3 m

below the ground surface (Briggs 2011).

Indicative piezometer data from the north crest of the

embankment shows a condition of pore water suction

(50–80 kPa), immediately prior to tree removal (Fig. 2).

Pore water pressure increased towards 0 kPa following tree

removal in March 2007. One year later, betweenMarch 2008

and September 2009, a pattern of seasonal pore water pres-

sure variation close to 0 kPa was measured as light shrub

vegetation became established on the embankment slope. A

pore water pressure increase was measured at 5.8 m depth,

but negative pore water pressure was maintained.

Figure 3 shows profiles of volumetric water content with

depth measured at the crest of the north embankment slope.

Measurements of the wet, end-of-winter condition (March/

April) are shown for 2007–2009. Figure 3 shows a dry

profile within the clay fill below 2 m depth before tree

removal. Following tree removal in March 2007 the soil

progressively rewet towards saturation in April 2008 and

the persistently dry profile was lost.

Finite Element Modelling

Finite element analysis using the software Vadose/w was

used to examine the influence of tree root depth and tree

removal on embankment hydrology, for comparison with the

monitoring data.

Vadose/w calculates saturated and unsaturated water and

heat flow in response to applied boundary conditions (Geo-

Slope 2007). Most notably, a climate boundary can be

applied; this uses daily climate data to calculate water infil-

tration and water removal from the surface of the soil and

from a defined rooting zone. This enables variations in pore

water pressure and volumetric water content with time, in

response to changes in weather conditions or changes in

vegetation cover, to be investigated.

Mesh Geometry

A one-dimensional soil column was used to calculate verti-

cal water flow in response to a climate boundary condition.

This soil column represented a borehole at the crest of the

north embankment slope.

The model explores the extent to which a one-

dimensional soil column with a climate boundary condition

and root water uptake function can provide useful

comparisons with the field measurements. The soil column

considers changes in pore water pressure and volumetric

water content in response to transient pressure gradients

applied at the upper surface boundary and within the vege-

tation root zone of the column. A fine mesh of 0.1 m

elements was used in the surface zone of the soil column,

where high pressure gradients were likely to occur, while a

mesh of 0.5 m elements was used in the remainder of the soil

column.

Fig. 2 Indicative pore water

pressures at 2.8 m, 3.7 m and

5.8 m depth, measured at the

North crest by Briggs (2011)

Fig. 3 End of winter (March/April) volumetric water content at the

crest of the north slope before and after tree removal in March 2007
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Material Properties

The soil column is representative of the borehole at the crest

of the north embankment slope, which consists of 1.1 m of

ash and ballast overlying 3 m of clay fill, with a London clay

foundation extending for 13 m below.

The hydrological soil properties used in the one-

dimensional soil column are shown in Table 1. These are

consistent with those used by Loveridge et al. (2010) and

Briggs et al. (2013) to model railway embankment hydrol-

ogy. The saturated permeability of the clay fill was based on

the results of permeability testing by O’Brien et al. (2004),

while the London clay underlying the embankment was

assigned a saturated permeability consistent with the range

measured by Chandler et al. (1990). The ash and the ballast

soil layer was assigned a saturated permeability consistent

with a sandy gravel, as in situ permeability data was

unavailable.

As the soil becomes unsaturated, both its water content

and its hydraulic conductivity decrease. Unsaturated soil

properties describing the reduction in soil water content

and hydraulic conductivity for the clay fill and the London

clay were based on a modified version of the Croney (1977)

soil water retention curve for London clay (Briggs et al.

2013). The soil water retention curve for the ash and ballast

was based on the curve for a coarse granular material. The

soil water retention curves were used to define the reduction

of soil hydraulic conductivity and water content with

increasing soil suction using the Mualem (1976) method

with van Genuchten (1980) constants and saturated perme-

ability. Table 1 summarises the van Genuchten (1980)

constants and soil properties used in the soil column. The

lower limit of hydraulic conductivity for the ash and ballast

layer was limited to 1 � 10�8 ms�1, to facilitate rainfall

infiltration into soil in the dry condition. The hysteretic

wetting and drying of the granular soil with large voids

was not well represented by the continuum assumed in the

finite element model.

Boundary Conditions

A climate boundary condition using daily weather data

(solar radiation, relative humidity, temperature, rainfall and

wind speed) was used to calculate the water flux at the soil

surface. A root water uptake function was used to model

water removal at depth due to transpiration. Three slope

vegetation conditions were applied to the surface of the

soil column, to represent the stages of tree removal at the

instrumented embankment; mature tree cover, tree clearance

(i.e. very light vegetation) and newly established shrubs

(Table 2).

The Vadose/w climate boundary condition calculates

evaporation from an unsaturated soil using the Penman-

Wilson equation (Wilson et al. 1994). A proportion of the

potential evaporative surface flux is removed as transpira-

tion. This proportion is defined using a Leaf Area Index

(Ritchie 1972). As soil dries and soil water is not readily

available, plants close stomata on their leaves to reduce their

transpiration rate and reduce water loss. The reduction of

transpiration due to plant stress was modelled using the

Feddes et al. (1978) relationship, with transpiration reducing

linearly between 100 kPa soil suction and the plant wilting

point at 1,500 kPa soil suction.

Within Vadose/w, evaporated water is removed from the

soil surface while transpired water is removed from the soil

at depth using a root water uptake function (Tratch et al.

1995). The depth of root water uptake was used to differen-

tiate between vegetation types on the instrumented embank-

ment slope (Table 2).

A summary of the climate boundary condition applied to

the soil column is shown in Table 2. The depth of root water

Table 1 Summary of soil properties used in the finite element model [From Briggs et al. (2013)]

Soil type Permeability (ms�1)

Van Genuchten constants

AEV θs θr m n

Ash and ballast 4 � 10�5 2 0.45 0.1 0.5 2

Clay fill 5 � 10�8 30.3 0.47 0.1 0.13 1.15

London Clay 5 � 10�9 125 0.47 0.1 0.15 1.18

Where AEV ¼ air entry value, θs ¼ saturated water content, θr ¼ residual water content, m and n ¼ constants

Table 2 Summary of the climate boundary condition applied to the finite element model

Model stage Vegetation cover Weather data Root depth

Initial condition Mature tree cover 01/01/2001–31/12/2005 3 m

Before tree removal Mature tree cover 01/01/2006–31/03/2007 3 m

Immediately after tree removal Very light vegetation 01/04/2007–31/08/2007 0.05 m

After tree removal Newly established shrubs 01/09/2007–01/09/2009 0.2 m
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uptake was varied to simulate the mature tree cover and tree

clearance at the instrumented slope.

Slope vegetation cover of mature tree cover (3 m root

depth) was applied to the soil column prior to tree removal in

March 2007. Very light vegetation cover (0.05 m root depth)

was applied to the soil column for 3 months following tree

removal (April 2007 to September 2007). Newly established

shrub cover (0.2 m root depth) was applied to the soil

column after September 2007, to model the growth of vege-

tation observed on the slopes of the instrumented embank-

ment during this period.

Daily weather data was obtained from a weather station at

Shoeburyness, 11 km from the instrumented embankment

and applied to the soil column. The weather data showed that

the years preceding the monitoring period (2003 and 2005)

were drier than the long-term average for the south east of

England, while the summers of 2007 and 2008 (immediately

after tree felling) were wetter than average (Briggs 2011).

An initial condition of hydrostatic pressure above and below

a zero pressure line at 8 m depth was applied to the soil

column. Five years of weather data recorded prior to the

monitoring period was then applied to the soil column to

establish an initial distribution of pore water pressure.

This was followed by nearly 4 years of weather data

corresponding to the monitoring period (Table 2). Sensitiv-

ity analysis showed that after less than 2 years of applied

climate data the pore water pressure distribution within the

soil column was independent of the initial condition.

Modelling Results

Altering the depth of root water uptake influenced pore

water pressure and volumetric water content within the soil

column. Figure 4 shows pore water pressure calculated at

locations between 2 and 5.8 m depth below the surface of the

soil column from January 2001 to October 2009. Pore water

pressure calculated before tree removal shows seasonal pore

water pressure variation, influenced by root water uptake.

Before tree removal, soil suctions increased during the sum-

mer months due to water uptake within the tree root zone and

evaporation from the soil surface. During the winter months

soil suctions decreased as root water uptake and evaporation

from the soil surface was reduced, allowing rainfall to infil-

trate the soil. The highest pore water pressure (lowest suc-

tion) occured at the end of winter, in March of each year.

The model showed a pore water pressure increase from

soil suction towards 0 kPa in the 4 months immediately after

tree removal, when the depth of root water uptake was

reduced (Table 2). During this period surface water was

able to infiltrate below the plant root zone and rewet the

soil. After September 2007 the model showed seasonal pore

water pressure variation close to 0 kPa. This is in qualitative

agreement with piezometer data from the north crest of the

instrumented embankment (Fig. 2).

Figure 5 shows the volumetric water content with depth

within the soil column for an end of winter (March) condi-

tion, before and after tree removal. This is compared with the

field monitoring data for the same period (March 2007 and

March 2009). The model shows that a persistently dry profile

is maintained within the tree root zone, below 1.5 m depth,

following the winter weather in 2007. During this period

surface water was unable to infiltrate the soil and rewet the

tree root zone before root water uptake commenced in the

summer. However, after tree removal the persistently dry

profile was lost and volumetric water content increased

Fig. 4 Finite element calculations of pore water pressure for the crest

of the north embankment slope

Fig. 5 Comparison of finite element calculations and field

measurements of volumetric water content before and after tree

removal at the crest of the north embankment slope

Modelling the Influence of Tree Removal on Embankment Slope Hydrology 245



towards a saturated profile within the model. Figure 5 shows

that this is in agreement with the field measurements.

Comment and Conclusions

A finite element model incorporating a climate boundary

condition and root water uptake was compared with

hydrological measurements from an instrumented

embankment following tree clearance from the embank-

ment slopes.

The field measurements and model results showed that

pore water pressure and soil displacement within an

embankment are influenced by mature trees on the

embankment slopes. The finite element model showed

that the magnitude of pore water pressure variation within

an embankment slope is influenced by the depth of the

plant root zone.

The following conclusions can be drawn:

1. Mature trees are able to maintain a persistent water

deficit within their root zone. Surface water is unable

to infiltrate the soil and saturate the soil profile during

the winter before root water uptake resumes in the

summer months. This aids embankment slope stability

during wet winter weather.

2. Root water uptake at depth ceases following tree

removal and is not re-established by light, shallow

rooted vegetation. This causes the embankment to

rewet, pore water pressures to increase and the persis-

tent soil water deficit and soil suctions to be lost. This

reduces the resilience of the embankment to pore

water pressure increases at depth during wet winter

weather, potentially reducing the stability of the

embankment slope.
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Age and Reactivations of Catastrophic Complex
Flow-Like Landslides in the Flysch Carpathians
(Czech Republic/Slovakia)

Tomáš Pánek, Veronika Smolková, Jan Hradecký, Ivo Baroň, and Karel Šilhán

Abstract

Catastrophic complex flow-like landslides (CFLLs) are characterised by a deep-seated

retrogressive landslide of structurally unfavourably oriented rocks and earthflows that

occupy the lower slope positions and originate due to the liquefaction of material

accumulated on the upper slopes. These landslides are locally important geomorphic agents

of Late Quaternary mountain evolution in the Flysch Belt of the Outer Western Carpathians

(Czech Republic/Slovakia). Most of the CFLLs dammed and steepened adjacent valleys.

Radiocarbon dating suggests that a majority of them moved repeatedly throughout the

Holocene, namely approx. every 1–2 ka. Dated events occurred during humid phases of

the Younger Dryas/Holocene transition (11.5–9.4 cal ka BP), Atlantic chronozone

(7.4–6.6 cal ka BP), the beginning of the Subboreal chronozone (ca. 4.6 cal ka BP) and,

primarily, within the Subatlantic chronozone at ca. 2–0.8 cal ka BP (>50 % of all events).

Our study suggests that slopes based on an unfavourable structural setting and affected by

long-term deep-seated gravitational deformations may produce CFLLs, even if they are

located in medium-high mountains. Although our chronological dataset is influenced by the

erosion of older landforms, most of the dated reactivations correlate with regional increase

in precipitation identified by previous palaeoenvironmetal studies.

Keywords

Complex flow-like landslides � Radiocarbon dating � Holocene � Flysch

Carpathians � Czech Republic � Slovakia

Introduction

Investigation and dating of preserved deposits of ancient

long-runout landslides in mountainous terrains are useful

both for the elimination of landslide hazards and for the

understanding of late Quaternary history. Recent field

investigations in the Flysch Belt of the Outer Western

Carpathians led to the discovery of several large rotational-

translational slope failures that had transformed into shallow

earthflows at their frontal parts due to substrate liquefaction

(Baroň et al. 2004, 2011; Pánek et al. 2013). Herein, we call

such failures complex flow-like landslides (CFLLs) (Pánek

et al. 2013). These failures correspond to complex landslides

of Cruden and Varnes (1996), but using this new term we put

stress on the role of flow-type behaviour during landslide

emplacement. The basal sliding zone of CFLLs crops out in

the upper/middle parts of deformed slopes, while in their

lower positions the sliding material liquefies and evolves

into earthflows. Some of these failures progressed catastro-

phically during heavy rainfall and snowmelt periods in 1919,

1997, 2006 and 2010 and they therefore pose a significant
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hazard in the study region (Baroň et al. 2004; Pánek et al.

2013).

The aims of our study are (1) to provide the evaluation of

CFLLs in Flysch Carpathians together with the discussion of

their imprint in geomorphic evolution of this region, (2) to

determine Holocene history and recurrence of most pro-

nounced failures and (3) to correlate the studied events

with regional Holocene palaeoenvironmental and palaeocli-

matological proxies. To answer such questions, a detailed

study was performed of thirteen most pronounced examples

of CFLLs in the study region (Fig. 1).

Regional Settings

The study area involves the western part of Flysch

Carpathians situated along the border between the Czech

Republic and Slovakia (Fig. 1). Flysch Carpathians comprise

a fold-and-thrust belt consisting of shales, claystones and

sandstones of Mesozoic and Tertiary age which were

thrust onto the Northern European platform and part of its

foredeep during the Palaeogene and Neogene. Anisotropic

flysch strata are highly prone to landsliding, especially

due to elevated pore-water pressures during extreme hydro-

meteorological events such as heavy rainfall and rapid snow-

melt (Margielewski 2006a). To date, more than 10,500

landslides have been documented within the region (Pánek

et al. 2013).

Materials and Methods

Emphasis of this paper is on the geomorphic and chronolog-

ical aspects of CFLLs with a special attention to possible

recurrence. Geomorphic analyses involved the mapping of

landslide deposits by means of field methods and aerial

photographs. Structural conditions were evaluated in the

vicinity of landslides (especially in the headscarp areas)

via measurements of main discontinuity sets whose interplay

with slope geometry was analyzed as well as possible kine-

matics of landslide movements (Margielewski 2006b).

The age of landslides was constrained by radiocarbon

dating of organic material obtained either from the landslide

debris (natural outcrops) or sediments connected with the

evolution of landslides (i.e. deposits of dammed lakes or

peat bogs on the surface of the landslides). Our strategy of

landslide dating brings some uncertainties connected with

both over- and underestimation of the timing of landslides.

The age of organic material incorporated in landslide debris

could be older than a particular landslide due to possible

multiple re-deposition. Conversely, the ages of sediments

trapped in dammed lakes and landslide peat bogs are youn-

ger than a particular slope failure. A total of 25 radiocarbon

dates (mainly AMS) define the origin or reactivation of

individual landslides (Pánek et al. 2013). Radiocarbon

dates were converted into calendar ages using IntCal 09

calibration curve in OxCal v 4.1.7 software.

Fig. 1 Geology of the study area

with locations of the studied

CFLLs. Reprinted from

Quaternary Research, 80, Pánek T

et al., Holocene reactivations of

catastrophic complex flow-like

landslides in Flysch Carpathians

(Czech Republic/Slovakia), p. 34,

Copyright (2013), with

permission from Elsevier

248 T. Pánek et al.



Results

CFLLs in the study area comprise various slope failures

extending over relatively long distances (470–2,950 m) and

are characterised by high mobility (10�1–102 m/day as

stated for recent events), high volumes (0.1–12 � 106 m3)

and significant liquefaction of displaced material in their

middle to lower portions (Pánek et al. 2013). The largest

group of CFLLs includes older failures (Kykula, Peklo,

Slopné, Lučovec, Pluskovec) and recent catastrophic

failures (January 1919 Hošťálková, July 1997 Malá Brodská,

April 2006 Hluboče and May 2010 Girová landslides),

which originated mainly within rock massifs containing a

significant fraction of weak claystone/mudstone-dominated

flysch (Fig. 2a). Failures in this group are rotational-

translational or purely translational landslides combined

with distal earthflows. Another group of CFLLs (Smrdutá,

Ropice, Rycierova, and Jezerné) is characterised by

rockslides affecting predominantly competent sandstone

beds. These failures have distal, up to 1 km long tongues

bearing pronounced stony accumulations with metre-scale

sandstone blocks (Fig. 2b). Most of the CFLLs are spatially

related to deep-seated gravitational slope deformations

(DSGSDs) found along tectonic discontinuities and tectoni-

cally weakened (mainly wedge-type) zones in flysch rock

masses (Pánek et al. 2013).

The ages of CFLLs in our dataset span the entire Holo-

cene period with a strong bias towards the youngest,

Subatlantic chronozone (Pánek et al. 2013). The oldest land-

slide (Kykula) originated in the Younger Dryas/Holocene

transition (11.5–9.4 cal ka BP), while the youngest reactiva-

tion (excluding modern catastrophic failures) was identified

within the Little Ice Age period (Smrdutá landslide, ca.

0.3 cal ka BP). One of the largest CFLLs (Girová landslide)

originated during the extreme rainfall event of May 2010.

Most of the dated landslides (75 %) have originated in the

last 2,000 years, with a pronounced cluster between ca. 1.7

and 1 cal ka BP (34 % of all dated activations). Some

individual events were dated to the Atlantic chronozone

(7.4–6.6 cal ka BP; Girová and Peklo landslides) and the

beginning of the Subboreal chronozone (ca 4.6 cal ka BP;

Smrdutá and Peklo landslides) (Pánek et al. 2013).

One of the most important findings of this study is that

most CFLLs are recurrent phenomena (Table 1). For

instance, the Peklo landslide contains four scarps

characterised by different degrees of denudation suggesting

multistage evolution. This is supported by four generations

of fluvio-lacustrine sediments in the adjacent dammed

palaeolake dated to 7.2, 6.4, 4.5 and 0.6 cal ka BP.

Generally, we can identify two chronological types of

recurrences – successive major activations separated by

short chronological intervals (up to several centuries; e.g.

Kykula or Lučovec; Fig. 3), and repeated major movements

after relatively long periods spanning more than one millen-

nium (e.g. Malá Brodská landslide). Some failures from the

latter group were reactivated several times throughout the

Holocene (e.g. Peklo and Girová landslides). Liquefied and

relatively long-runout slope failures reached valley floors

and affected the geomorphic regime of mountain rivers.

Except for two cases, all landslides in our dataset blocked

valley floors and influenced the steepness parameters of

river profiles. Sedimentological and pollen indices show

that the longevity of landslide-dammed lakes before the

breaching of dams spanned a variety of timescales including

>2 ka for the Kykula landslide (Pánek et al. 2010), 102 years

for the Smrdutá, Peklo and Pluskovec landslides, and

10�1–102 years for the Lučovec landslide (Pánek et al.

2013).

Fig. 2 Examples of CFLLs. (a) The May 2010 Girová landslide

originated in the slope section with preceding landslide activity dated

to 7.5, 1.5 and 0.6 cal ka BP. (b) Large sandstone blocks within the

accumulation of the Rycierova rockslide (dated to ca. 1.0 cal ka BP)
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Discussion and Conclusion

A majority of CFLLSs in the study region fall within the

Holocene period with most ages spanning to the

Subatlantic chronozone (>50 % of all events) (Pánek

et al. 2013). The analysis of the history of individual

instabilities reveals that a majority of landslides are recur-

rent features with a time interval between two successive

major events being in the orders of 101–103 years. An

important issue for hazard planning is that released debris

from some of recurrent catastrophic long-runout

landslides has nearly reached the same position as during

previous events, for example, Malá Brodská, Girová or

Smrdutá landslides. As a result, some slope and valley-

floor sections are particularly dangerous for human

activities (Pánek et al. 2013; Fig. 2a). Factors that affect

the time span between CFLLs reactivations include (1)

frequency of extreme hydrometeorological events (e.g.

heavy rainfalls and rapid snowmelt) and (2) progressive

strength degradation along major discontinuity sets

(Kemeny 2003). While hydrometeorological extremes

are immediate triggers of stability changes within rock

massifs, strength degradation seems to be the most impor-

tant for the time span between CFLLs reactivations in

connection with the fact that some major failures (e.g.

May 2010 Girová landslide which is one of the largest

Holocene failures) originated during rather moderate

hydrometeorological events (Pánek et al. 2011). The

pre-failure behaviour of catastrophic landslides is often

characterised by creep movements within weakened bed-

rock. Three major recent catastrophic events of our

dataset (January 1919 Hošťálková, March 2006 Hluboče

and May 2010 Girová landslides) were preceded by sev-

eral years of minor instability (Pánek et al. 2013).

Our dataset (25 dated landslide events) is also

limited for chronological determinations, but it shows a

possible correlation with other Central European

palaeoclimatological proxy records including lake-level

highstands (Magny 2004), δ18O speleotheme records

(Niggemann et al. 2003), Alpine glacial advances (vari-

ous authors in Starkel et al. 2006), palaeofloods (Starkel

Table 1 Timing and recurrence intervals for selected CFLLs [Partly reprinted from Quaternary Research, 80, Pánek T et al., Holocene

reactivations of catastrophic complex flow-like landslides in Flysch Carpathians (Czech Republic/Slovakia), p. 43, Copyright (2013), with

permission from Elsevier.]

Landslide Available period (cal ka BP) Number of dated events Average rec. interval (ka)

Kykula ~11.5–9.4 2 2.1

Peklo ~7.2–0.6 4 2.2

Girová ~7.4–AD2010 4 2.5

Smrdutá ~4.6–0.3 3 2.2

Lučovec ~1.7–0.8 3 0.4

Hošťálková ~1.4–AD1919 2 1.4

Ropice ~1.4–0.4 2 1

Hluboče ~1.3–AD2006 2 1.3

M. Brodská ~1.1–AD1997 2 1.1

Jezerné ~1.0–0.8 2 0.3

Fig. 3 A recurrent landslide in the Lučovec valley. (a) Geomorphic

sketch of landslide blocking valley floor. (b) Exposure evidencing two

generations of successive landslides which took place during a short

time interval between ca 1.3–1.7 cal ka BP. A possible younger retro-

gressive shift of headscarp took place ca 0.7 cal ka BP. (c) Interpreted

stratigraphic log of the exposure
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et al. 2006), and timing of other landslides from the

Czech and Polish Flysch Carpathians (Baroň et al. 2004;

Margielewski 2006a; Margielewski et al. 2011) (Fig. 4).

Highly skewed temporal distribution of CFLLs biased to

the Subatlantic chronozone is most likely determined by

erosion of older landslides and/or burial of ancient

accumulations by debris coming from the latest stages

of mass movement activity. Bias in our dataset is partly

caused by types of the studied landslides, i.e. highly

mobile failures with large erosive potential. In contrast

to our study, a large number of predominantly short-

displacement rotational bedrock landslides were dated

in the Czech Carpathians by Baroň et al. (2004) and in

the Polish Carpathians by Margielewski (2006a) to earlier

stages of the Holocene.

To sum it up, the dating of individual CFLLs and their

reactivations indicates that these mass movements

originated throughout the Holocene period (Pánek et al.

2013). The largest landslides originated both at the begin-

ning and end of the observed time period. This pattern

suggests that gross conditions influencing slope stability

and activation of CFLLs are relatively similar throughout

the Holocene and future sporadic large liquefied slope

failures with a relatively long run-out can be expected in

this region.
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Kovalyukh 2003; Baroň 2007; Margielewski et al. 2010, 2011) and

unpublished ages of 5 landslides from the Czech part of the Outer

Western Carpathians (3) normalised probability density curve of the

hydrological events in Polish rivers, 331 dates (Starkel et al. 2006); (4)

advances of Alpine glaciers (by various authors in Starkel et al. 2006);

(5) mid-European higher lake-level phases (Magny 2004); (6) δ18O
record from stalagmites AH-1 and (7) B7-7 in Sauerland/Germany

(Niggemann et al. 2003). Reprinted from Quaternary Research, 80,
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a recent deep-seated landslide at Gı́rová Mt., Czech Republic,
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Antecedent Precipitation as a Potential Proxy
for Landslide Incidence in South West United
Kingdom

Catherine Pennington, Tom Dijkstra, Murray Lark, Claire Dashwood,
Anna Harrison, and Katy Freeborough

Abstract

This paper considers the effects of antecedent precipitation on landslide incidence in

the United Kingdom. During 2012–2013 an extraordinary amount of precipitation

resulted in an increase in the number of landslides reported in the UK, highlighting the

importance of hydrogeological triggering. Slope failures (landslides on engineered slopes)

in particular caused widespread disruption to transport services and damage to property.

SW England and S Wales were most affected. Easy-to-use and accessible indicators

of potential landslide activity are required for planning, preparedness and response and

therefore analyses have been carried out to determine whether antecedent effective precip-

itation can be used as a proxy for landslide incidence. It is shown that for all landslides

long-term antecedent precipitation provides an important preparatory factor and that

relatively small landslides, such as slope failures, occur within a short period of

time following subsequent heavy precipitation. Deep-seated, rotational landslides have a

longer response time, as their pathway to instability follows a much more complex

hydrogeological response. Statistical analyses of the British Geological Survey landslide

database and of weather records have enabled determination of the probability of at least

one landslide occurring based on antecedent precipitation signals for SW England and

S Wales. This ongoing research is of part of a suite of analyses to provide tools to identify

the likelihood of regional landslide occurrence in the United Kingdom.

Keywords

Antecedent � Rainfall � Regional � National � Landslide � Slope failure � UK

Introduction

Large parts of the United Kingdom (UK) experienced

several months of above-average precipitation from April

to December 2012, making it one of the wettest periods of

time for the country since meteorological records began.

Throughout this period and into early 2013, a marked

increase in the number of landslides was widely reported

and captured in the National Landslide Database (NLD)

of the British Geological Survey (BGS) (Figs. 1 and 2;

Pennington and Harrison 2013). Tragically, four people

were killed and at least six people were injured. The domi-

nant type of reported landslide is slope failure, often a

relatively small landslide occurring on engineered slopes

and capable of disrupting transport services and causing

damage to property, infrastructure and businesses. While

these slope failures are, by far, the most frequent land-

slide type in the data, their impacts therefore tend to

be minor and remediated within a few days. This is

in contrast to less frequently reported larger landslides on

natural slopes that take many more resources and time

to remediate.
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Landscapes evolve over time, continuously adjusting to

achieve equilibrium conditions of stability and responding to

influences in a highly complex system; active slope instabil-

ity is a highly visible outcome of this process (Dijkstra and

Dixon 2010). Precipitation provides a spatially distributed

trigger mechanism capable of driving these adjustments and

the ability to quantify relevant thresholds is of great practical

value in enhancing the planning, preparedness and response

modes to these disrupting phenomena. Its potential use has

been demonstrated around the world on the site- and

catchment-specific scales through the long-term instrumen-

tation and monitoring of slopes (e.g. Baum and Godt 2009;

Crozier 1999; Minder et al. 2009; Prokešová et al. 2013;

Rutter and Green 2011). Regional thresholds defined for

areas with similar meteorological, climatic, physiographic

and soil characteristics are potentially suited for landslide

warning systems based on quantitative spatial precipitation

forecasts, estimates, or measurements (Guzzetti et al. 2008).

These thresholds are dependent on a range of reliable data

gathered systematically over a long period of time, e.g.

reporting research on UK field study sites including the

Mam Tor landslide, Derbyshire (Dixon and Brook 2007;

Rutter and Green 2011) and BGS-managed field sites of

natural slopes at Hollin Hill and Aldbrough in Yorkshire

(Gunn et al. 2013; Chambers et al. 2010) and engineered

slopes such as the Victorian railway embankment at East

Leake (Gunn et al. 2011).

This paper discusses preliminary investigations into the

empirical relationship between landslide occurrence and

antecedent precipitation in the meteorological region of

SW England and S Wales. The paper focuses on the period

from January 2006 to July 2013, with special attention to

the peak in reported landslide events during a very wet

period from November 2012 to January 2013 (Fig. 2).

It identifies antecedent precipitation as a potential proxy

to communicate the likelihood of landslide incidence

through, for example, the Natural Hazards Partnership

(NHP) where the BGS issues a daily landslide hazard

warning using a traffic-lightplus system (green, yellow,

amber, red) (British Geological Survey 2013).

British Geological Survey National Landslide
Database (UK)

The Landslides Team at the British Geological Survey

(BGS) catalogue landslide information in the National Land-

slide Database NLD. It is used for a wide range of

applications including their national landslide susceptibility

map GeoSure (e.g. Booth et al. 2010; Foster et al. 2011;

Pennington et al. 2009). The BGS National Landslide Data-

base is the most comprehensive source of information on

landslides in Great Britain and currently holds records of

over 17,000 landslide events that are continually updated

and added to as information is reported (Foster et al. 2012).

Each of the landslide event records can hold information

on over 35 attributes including location, dimensions, land-

slide type, trigger mechanism, damage caused, slope aspect,

material, movement date, vegetation, hydrogeology, age,

development and a full bibliographic reference. The infor-

mation within the database is corporately maintained and

held in a digital format that can be adapted and updated.

For information on the history of the National Landslide

Database see Foster et al. (2012).

Information Sources

As well as routinely collecting data from ongoing regional

geological surveys (e.g. Evans et al. 2013) and the published

scientific literature, the online press has been monitored for

information about landslides through various Internet search

engines since 2006.

In August 2012, social media were incorporated into

this search. Twitter, a popular micro-blogging tool where

real-time observations are published to the web, has proved

to be the most prolific source of information, as it has for

Fig. 1 Landslides reported in Great Britain in 2012 (red) and Jan–Jul

2013 (yellow) and the precipitation amount as a percentage of the long-

term average (source. MetOffice)
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other geohazards such as earthquakes and tsunamis

(e.g. Earle et al. 2011; Doan et al. 2012; Stollberg and de

Groeve 2012). This instantaneous reporting (‘tweeting’)
mainly is a response to events that have an immediate impact

on society such as travel disruption and it has resulted in

small slope failures being captured in the National Landslide

Database. Previously, these small events would not be as

visible in the regional and national media and would thus

have a much lower likelihood of being recorded in the

National Landslide Database.

Antecedent Precipitation and Landslide
Incidence

SW England and S Wales were most affected by excessive

precipitation and reported landslides (Figs. 1 and 3). SW

England has a number of areas of concentrated landsliding,

mainly associated with outcrops of Jurassic or Cretaceous

formations such as the East Devon Upper Greensand upland

slopes which have undergone large-scale landsliding and the

West Dorset Jurassic clays. The more stable slopes in the

west underlain by Carboniferous and Devonian rocks are

less likely to fail, but there are a number of shallow planar

failures in this region, mainly associated with changes

in ground water and failure occurring within a drape

of superficial materials. Particularly active areas of coastal

landsliding can be found along the south coast from Lyme

Bay to Poole Bay, as well as the Devonian cliffs of north

and south Devon. The valleys of the South Wales Coalfield

have a long history of landslide activity, mostly associated

with the Carboniferous Coal Measures, which has led

to damage to residential and industrial property and the

disruption of roads and services in a populous industrialised

area (Conway et al. 1980).

To achieve an insight into the significance of antecedent

precipitation for the triggering of landslides a number of

analyses have been performed on the landslide dataset for

SW England and S Wales. One set of analyses was

performed using information from the very wet period

from 01/11/2012 until 31/01/2013 when landslides were

in the news frequently. Data captured over a longer period,

March 2006 until August 2013, was used to evaluate long-

term antecedent signals in the triggering of landslides.

A large proportion of these landslides (43 %) took place on

man-made slopes such as road and railway embankments

and cuttings. These slope failures are usually small-scale

slumps or flows. Reported observations have shown that

these are generally triggered by heavy precipitation and

occur within a short period of time after prolonged heavy

rain.

Winter 2012/2013 Antecedent Precipitation
Signal

The short period from November 2012 until January 2013

fell at the end of a very wet summer and autumn and a

continuous period of above-average precipitation, which

resulted in further incidents of unstable slopes (Fig. 2).

Fig. 2 Precipitation (source. MetOffice) and landslide incidence (source. BGS) in the UK from January 2012 to July 2013
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Low temperatures and frequent precipitation justified the use

of unadjusted ‘total’ precipitation to analyse landslide

response to antecedent precipitation. For three types of

landslides (falls, slope failures and translational slides) a

series of correlation coefficients were determined relating

landslide type to antecedent precipitation period (1, 2, 7, 30,

60, 90 and 120 days; Fig. 4). Slope failures correlate most

closely with short duration antecedent precipitation (1, 2 and

7 days), followed by translational slides (7 and 30 days) and

then falls (60 days). However, the outcomes are not very

robust, as the number of observations is low. The

observations do enable investigation of the antecedent pre-

cipitation signal and this, in turn, can be used to increase our

understanding of the types of triggering precipitation over

longer time periods. The antecedent precipitation signature

required to trigger landslides was analysed against the num-

ber of observations per day (Fig. 5). The majority of events

involved single events per day, but there were several days

where a larger number of landslides were reported.

In Fig. 5 lines are drawn linking the lowest recorded

antecedent precipitation signals. It appears that when six or

more landslides are recorded per day in the study region, a

steady signal becomes more apparent, as a spatially

distributed trigger mechanism is required to drive these

larger numbers of failures. Clearly, when fewer landslides

occur per day the spatial relevance of the triggering mecha-

nism diminishes and specific local conditions start to over-

shadow the antecedent precipitation signal. To inform the

threshold model of how much precipitation is required to

result in widespread unstable slopes, the antecedent precipi-

tation sequence of the nine landslides per day event has been

selected (Fig. 6). The antecedent signal clearly follows two

trends—a steep section of conditions up to 7-days and a

long-term, less intense accumulation from 7 to 90-days.

This may suggest that a long period of precipitation is

required to prepare the landscape for instability and that a

final period of more intense precipitation is necessary to

Fig. 3 Landslides and precipitation correlation (pink) in SW England/S

Wales highlighted using a wet/dry indicator (proportional difference

between actual and long-term average precipitation where 100 represents

equality and values >100 show actual conditions wetter than the long-

term average). (Landslide information from BGS National Landslide

Database; weather data from MetOffice and Wunderground.com)

Fig. 4 Correlation coefficients for antecedent precipitation and land-

slide type for events between 01/11/2012 and 03/01/2013 in SW

England and S Wales

Fig. 5 Antecedent precipitation and number of slope failures per day.

At six and nine events per day the antecedent precipitation signal

appears more consistent

256 C. Pennington et al.



trigger landslides as has been clearly articulated by others in

the UK context (e.g. Dixon and Brook 2007; Collison et al.

2000; Dijkstra and Dixon 2010).

It appears that the trends of Fig. 6 fit very well with the

long-term average antecedent conditions. Further investiga-

tion of multiple events triggered per day during the same

period of the year show that all fall on, or slightly above this

trend. The trends could therefore be interpreted as a thresh-

old envelope where antecedent precipitation plotting above

the envelope is a signature for conditions ‘wetter than usual’
that can lead to multiple landslide events, and that signatures

plotting below this trend represent conditions ‘drier than

normal’, which would not result in precipitation-triggered

landslides.

To extend these observations to a longer time period

(years, rather than months), it is necessary to estimate the

proportion of total precipitation that can reach the ground

surface once account has been taken of seasonal variations in

evapotranspiration. This variation is quite considerable, and

in summer months it will be rare if conditions persist that

result in widespread slope instability. As discussed by

Pennington and Harrison (2013) these conditions existed in

2012, leading to a record year for landsliding in Britain.

Probability of Landslide Occurrence

For the determination of a probability of landslide occur-

rence the database from 01/01/2006 until 31/07/2013 (2,710

records) was used. For each date, information was available

on numbers of landslides and seasonally adjusted antecedent

effective precipitation for 1, 2, 7, 30, 60 and 90 days. A

generalised linear model was fitted to the data for the pre-

diction of landslide events from antecedent precipitation

over 1, 2, 7, 30, 60 or 90 days. The model was fitted using

the generalised linear model procedure in the MASS pack-

age for the R platform (Venables and Ripley 2002). A

Poisson link function was used, after exploratory analysis

of a quasi-Possion model. A subset of predictors was then

selected using the stepAIC procedure in the MASS package,

which uses stepwise backward predictor selection according

to the Akaike Information Criterion. By this procedure the

selected predictors for all landslides were antecedent precip-

itation over 1, 7 and 90 days. For slope failures/planar slides

the selected predictors were antecedent precipitation over 1,

2, 7, 30 and 90 days. It must be noted that the records are

affected by a perceived lower landslide capture success rate,

particularly in the period before April 2012 (Pennington and

Harrison 2013) and that this database contains zeros that do

not always reliably indicate a non-occurrence of landslides,

but rather that landslides were not recorded or reported. This

is a reason for caution about interpretation of the fitted

models. Nonetheless, these do provide evidence that long-

term antecedent precipitation is an important factor in deter-

mining landslides occurrence. The fitted values of the gener-

alised linear model are the expected number of landslides

according to the model on any data. Treating this as the

parameter of a Poisson variable, one may compute the prob-

ability of at least one landslide occurring for (a) the full

landslides dataset and (b) slope failures and planar slides.

These probabilities are plotted along with the observed num-

ber of landslides on each day (Fig. 7a) and a subset including

only slope failures and planar slides (Fig. 7b).

It is evident from these analyses that single landslide

occurrence per date does not correspond well with the prob-

ability distribution. When several landslides occur per date

there is a much better correspondence. The probability dis-

tribution for slope failures and planar slides results in a lower

temporal dispersion when compared to the undifferentiated

landslides probability distribution, suggesting a possible

way forward for fine-tuning an antecedent precipitation sig-

nal dependent upon landslide type. Further analyses of lon-

ger periods are currently being investigated. Some landslide

events appear not to be represented by an elevated probabil-

ity of occurrence (e.g. 12/2010)—this may be caused by

local triggering precipitation not represented by the regional

record used. Once a general model is better established,

routes towards local differentiation and greater spatial rele-

vance will be evaluated.

For a regional model intending to provide indicators of

changes in the susceptibility of a landscape to generate

landslides, this approach appears adequate. It provides a

mechanism that can be tested against the ‘expert-based’
landslide hazard assessments that are carried out on a daily

basis for the Natural Hazards Partnership (NHP). In the

current situation, antecedent conditions are included in the

reasoning to determine a regionally specific landslide hazard

warning (following the traffic-lightplus communication,

discussed above). The statistical model will now run along-

side this assessment to test its performance and evaluate its

potential as an objective method of determining landslide

Fig. 6 Antecedent precipitation ‘winter’ threshold envelope for slope

failure for SW England and S Wales. Event sequences plotting above

the lines represent ‘wetter than usual’ conditions that can lead to

multiple landslides
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hazard warning status. This approach is part of a suite of

tools in development at the BGS that includes developing

the use of models that analyse temporal fluctuations in soil

moisture and groundwater levels in the landscape veneer on

a more detailed, slope-specific scale.

Conclusions

The weather information is based on generalised regional

precipitation data. Finer spatial resolutions will enable

determination of antecedent precipitation patterns of

greater relevance to individual landslide occurrences.

Conversion factors for the determination of effective

precipitation provide an initial approximation of the

amount of water reaching the top of the soil column.

Further work is progressing using water balance models

to determine how much water is available to affect effec-

tive stress changes at critical depths. Without exception,

all the landslides reported in 2012–2013 have been

described in the media and social media because they

have had an impact on society such as road diversions,

rail delays, homes being demolished or the closure of

coastal footpaths. While these are valid reports, the

following scenarios must be considered to fully appraise

the rise in landslides over the winter of 2012/2013 period:

• The data represent an accurate picture of the true

number of landslides occurring;

• The data are artificially high due to a heightened

awareness of landslides through added media attention

following four fatalities in SW England by three sepa-

rate landslide events in 2012–2013;

• The data give a false impression of more landslides

occurring when there were just fewer reported prior to

August 2012 due to the timing of the inclusion of

social media information sources, also coincident

with the rise in precipitation and landslide reports;

• The data under-report the true number of landslides

occurring as the social impacts were insufficient to

warrant reporting. This may be especially true for

those larger and older landslides which may have

started to reactivate but have no immediate impact

for the public.

Once the reliability of these models has been evaluated

they provide an opportunity to forecast changes in land-

scape instability based on weather forecasts and an anal-

ysis of the results in the context of long-term forecasted

changes in weather event sequences, such as those

derived from UKCP09.
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Natural Hazards in the Cordillera Blanca of Peru
During the Time of Global Climate Change

Vı́t Vilı́mek, Jan Klimeš, Adam Emmer, and Jan Novotný

Abstract

The Cordillera Blanca (Ancash region, Peru) is the most heavily glacierized tropical range

in the world. Due to the global climate change, the retreat and thinning of most of the

glaciers has recently increased. Rapid geomorphic changes, especially direct and indirect

slope movements, are closely connected with the changing environment. Glacier retreat

also leads to the formation and development of all types of potentially hazardous glacial

lakes. A sudden water release from a glacial lake irrespective of its cause is called a glacial

lake outburst flood (GLOF). The hazard of GLOF is strongly connected with dynamic slope

movements (ice- and rock-falls; landslides of steep moraine slopes). About 80 % of the

GLOFs in the Cordillera Blanca since the end of the Little Ice Age were caused by dynamic

slope movements into the lake. The released water has a high erosion and sediment

transport potential and can easily transform into various types of flow movements (e.g.

debris or mud flows). These are highly hazardous and significant landscaping processes, by

which the high mountainous environment evolves. Using the DesInventar database for the

period from 1971 to 2009, debris flows (locally known as aluvión) have been evaluated as

the most frequent type of natural hazard in the Ancash region. Several valleys in the

Cordillera Blanca are currently being studied, using flood modelling, geomorphological

mapping and calculation of slope stability in moraines. Conditions leading to slope

movements on moraines include not only moraine properties, such as grain size and

sediment structure, but also water infiltration from adjacent slopes.

Keywords

Natural hazards � Slope movements � Climate change � Cordillera Blanca � Peru

Introduction

The question whether climate changes could really lead

to an increase in natural hazards in general is out of the

scope of this paper, nevertheless we have to analyze the

weather extremes and the way in which they influence

natural hazards including landslides in the Cordillera Blanca

(Ancash region). The whole Cordillera Blanca range has

been influenced by natural hazards for a very long time.

The most important reasons behind this are the orogenetic

activity of the area and climate change.

High mountain glaciers and permafrost areas are one

of the most sensitive indicators of global climate change
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(e.g. Clague et al. 2012). Most of the glaciers respond

by retreating and thinning and permafrost responds by its

degradation (melting). This scenario can be seen also in the

most heavily glacierized tropical range in the world—the

Cordillera Blanca in the Ancash region of Peru (Georges

2004). Retreat of the glacier and permafrost degradation is

closely tied with significant geomorphical and landscape

changes (e.g. Evans and Clague 1994) including dynamic

processes, which are characterised as natural hazards.

From the perspective of natural hazards the most

important changes occur through the mass movements

of great volumes of material. These are not only direct

(e.g. ice-falls) and indirect slope movements (e.g. landslides

on exposed moraines) in deglaciated areas, but also

aluvións (debris flows) and a specific phenomenon called

“glacial lake outburst flood” (GLOF) following sudden

water release from any type of glacial lake irrespective of

its cause. GLOF in the Cordillera Blanca is most frequently

caused by dynamic slope movement into the lake and

thanks to the high erosion and transport potential may easily

transform into flow movement. As glacier retreat continues,

leading to the formation and development of new potentially

hazardous glacial lakes, new opportunities for GLOFs are

provided and thus the overall threat is increased.

Data and Methods

Data

We analysed DesInventar data focusing on the period from

1971 to 2009 (DesInventar 2013). In the analysis that

follows we consider natural hazards to be events caused by

endogenous or exogenous processes that result in damage to

the population (according to DesInventar—deaths, injuries,

missing persons, evacuations, migrations) or damage to pri-

vate or public property (according to DesInventar—

destroyed and damaged human dwellings, industrial and

agricultural buildings and equipment, or technical, transport

and public infrastructure).

Various types of natural hazards are often compared

in terms of their threat or frequency of recurrence. Such

analyses are, among other things, influenced by the character

and quality of the database used. The DesInventar database is

homogenous and, thus, serves as a useful tool for describing

the significance of landslides.

Repeated remotely sensed photos were used for identifi-

cation of newly forming potentially hazardous glacial lakes

and for an assessment of the dynamics of their evolution.

Three sets of aerial photos (1948–1950, 1962–1963 and

1970) from the archive of Authoridad Nacional del Agua

and three sets of satellite images (1970, 2003–2005 and

2011–2012) from Google Earth Digital Globe 2013 were

used for this purpose.

Methods

To reveal the possible influence of climate change on

natural hazards in the Cordillera Blanca we used the work

by Vuille and Bradley (2000), who analyzed 268 stations

from the period 1959–1998 in the central part of the Andes

between 1� n.l. and 23� s.l.
Stability of the youngest terminal moraine slopes

was evaluated using granulometric information about 33

disturbed soil samples originating from moraine slopes.

Their shear strength was assessed using expert knowledge

and the results of direct shear tests on similar materials

(Bolton 1986; Simoni and Houlsby 2006).

Results

Climate Change and Extreme Weather
Conditions

The rate of warming in Central Andes calculated from the

period 1959–1998 is on average 0.2 �C/10 years (Vuille and

Bradley 2000). The value of warming decreases with increas-

ing altitude—i.e. 0.16 �C at an altitude of between 4,000 and

5,000 m. The glacial retreat is significant in several valleys

and leads to dynamic environmental changes and various

types of natural hazards (e.g. Vilı́mek et al. 2005).

The warmest years in the period 1939–1998 were

identified as being: 1941, 1944, 1953, 1957, 1969, 1972,

1983, 1987, 1991, and 1997/1998 (Vuille and Bradley

2000). The same years were identified as years with El

Niño (with the exception of 1944 and 1969). The most

important manifestations of El Niño (since the middle of

the nineteenth century) were adopted from Kuroiwa (2004).

All of the warmest years fit with the strongest El Niño

conditions (extreme, very strong, strong). On the other

hand there are some El Niño conditions (mean and feeble)

which are not among the “warmest years”. Rather inexplica-
ble are the 1960s when there was no El-Niño during

the warmest year (1969) and several El Niño conditions

(feeble and mean) during 1960, 1963 and 1964–1965 are

not registered as warm years. The opposite situation La Niña

manifests itself as a cold period.

The rate of hazards caused by El Niño on the overall

number of hazards conditioned by extraordinary meteoro-

logical conditions is clear from Fig. 1 which shows an

increased number of recorded natural hazards in the Ancash

region in years with higher variance of sea surface
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temperature (SST), which is commonly used for ENSO quan-

tification. The most visible correlation is in the years 1983 and

1998.

There are no significant differences in total precipitation

in the Cordillera Blanca from a longer perspective. There are

only local changes at the level of the microclimate. From the

42 analyzed meteorological stations in the period 1950–1994

(Vuille et al. 2008) only five station revealed higher precipi-

tation and two of them lower precipitation (both with a 95 %

statistical level of significance).

Share of Slope Movements on Natural Hazards
in the Cordillera Blanca

During the nearly 40-year period between January 1971 and

December 2009, 914 natural hazards occurred in the Ancash

region (Table 1), which translates to an average of two events

per month.

During the analysed period, from 1971 to 2009, the

most frequent type of natural hazard in the Ancash region

was aluvión (a local term for debris flow). This was followed

by flooding, extreme rainfall and landslides (see Table 1).

Altogether, these phenomena represented almost 80 % of

all naturally conditioned catastrophic events. If we combine

the various forms of mass movement (aluvións, landslides)

they clearly comprise a dominant portion of natural

hazards in the given region and during the given period

(Vilı́mek et al. 2013). However, we should recognise the

interconnection of various natural processes in the sense of a

cause-effect relationship, wherein hydro-meteorological

events or earthquakes could be the primary cause and differ-

ent forms of mass movement are merely a subsequent effect.

Deglaciation, Lake Formation, Development
and Threat of GLOFs

Significant deglaciation has been recorded in this region

since the end of the Little Ice Age, whose second phase

culminated here (according to lichenometry and ice-core

dating) at the end of the nineteenth century (Thompson

et al. 2000; Solomina et al. 2007). This intense deglaciation

led to the formation and development of new, potentially

dangerous glacial lakes mostly at elevations of above

4,600 m a.s.l. (Emmer et al. 2014) (Figs. 2 and 3).

The overall number of glacial lakes within the Cordillera

Blanca is increasing rapidly with continuing deglaciation

(Emmer and Vilı́mek 2013) and the question of its potential

hazardousness is highly topical. It is thought that higher

overall number of glacial lakes should naturally lead to the

Fig. 1 Number of natural hazards in the Ancash region of Peru and

ENSO phases represented by variance of sea surface temperature

(SST). Data sources: DesInventar; CPC—NOAA (2011)

Table 1 Frequency of natural hazard occurrence in the Ancash region

during the period from 1971 to 2009 (prepared on the basis of

DesInventar data, own calculations)

Type of natural hazard in the

Ancash region

Absolute

frequency

Relative

frequency (%)

Slope movements 399 43.65

Aluvións 262 28.67

Landslides 107 11.71

Avalanches (snow avalanches

and rockfalls)

30 3.28

Flood events 226 24.73

Floods 212 23.19

Flash floods 14 1.53

Earthquakes 31 3.39

Extreme meteorological

events

120 13.13

Draught 31 3.39

Storms with dangerous

associated phenomena

29 3.17

Extremely low temperatures 21 2.30

Strong wind (storm) 19 2.08

Hailstorms 12 1.31

Snowstorms 5 0.55

Extremely high temperatures 3 0.33

Extreme rainfall (torrential,

long-lasting)

107 11.71

Strong swell (huge waves) 31 3.39

In total 914 100.00
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higher number of GLOFs. This is confirmed by several

GLOFs, which occurred in last decade within the study area

of the Cordillera Blanca (Emmer et al. 2014). According to

Costa and Schuster (1988), Clague and Evans (2000) and

Richardson and Reynolds (2000), young glacial lakes are

generally considered to be hazardous because: (1) they are

often in direct contact with glaciers, exposed to the direct slope

movements associated with deglaciation, such as ice-falls or

ice avalanches, into the lake, followed by displacement wave

(s), which may overflow or rupture the lake dam; (2) their

young dams (in the case of ice-dammed or moraine-dammed

lakes) are not stable and thus they are prone to the spontaneous

failure without any evident dynamic initializing event (so-

called “dam self-destruction”; Yamada 1998); and (3) they

are often rapidly growing; the surface area and related overall

volume of accumulated water are increasing, thus there is a

higher potential to cause significant damage in the case of a

GLOF from the given lake.

Fig. 2 An example of a new unnamed rapidly growing bedrock-dammed lake in direct contact with the glacier beneath the Chopicalqui massif

(6,354 m a.s.l.) at an elevation of 4,630 m a.s.l. (see also Fig. 3)

Fig. 3 Example of glacier retreat in the head of the Cancahua Valley,

which leads into the Ulta Valley (Central Cordillera Blanca, Peru)

between 1948 and 2011. The area shown covers approximately

2 � 3 km2. Note the formation and rapid evolution of a new bedrock-

dammed lake replacing the retreating terminus of the glacier tongue

on the eastern side of the Chopicalqui massif (see also Fig. 2). Data

sources: Archive of Authoridad National del Agua, Huaráz, Peru;

Google Earth Digital Globe 2013
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There are a number of new glacial lakes within the Cor-

dillera Blanca that meet some or all of the above mentioned

criteria of preliminary hazard identification and thus repre-

sent a serious threat for the inhabitants of the valley areas.

Identification and understanding of regional specifics is an

important step in effective hazard assessment and therefore

we established the GLOFs database. The preliminary results

showed that about 80 % of the GLOFs from moraine-

dammed lakes, which occurred within the region of Cordil-

lera Blanca, were caused by both direct (45 %) and indirect

(35 %) dynamic slope movements into the lake (Fig. 4).

Other recorded causes were earthquakes and dam over-

topping or rupture by the flood wave from a lake situated

upstream (Emmer and Cochachin 2013). For a precise

hazard assessment and subsequent implementation of the

optimal mitigation measures, field study is still necessary,

despite the contemporary progress in remotely-sensed data

sources and GIS.

Stability of LIA Moraine Slopes

Slope movements from inner parts of moraines are one

of the most important triggers of GLOFs (apart from

rockfalls and icefalls). Therefore, the stability analysis of

these slopes is of high importance.

The estimated peak strength of the analysed moraine mate-

rial ranged from 40� to 48� depending on the considered

stresses and assuming a constant volume friction angle of

ϕ0
cv ¼ 35�–36�. Nevertheless, in many cases the moraine

slopes (especially those facing the glacial lakes) maintain

slope angles exceeding the peak strength friction angle by

up to 20� for long periods of time. It is therefore clear that the

temporal stability of these slopes is an additional factor for

increasing slope stability. Another factor is the internal struc-

ture of the moraines where large blocks can be found wedged

into each another or slab-like blocks laid perpendicular to the

potential failure surfaces. Further more secondary cementa-

tion was observed in some of the moraine sediments.

Discussion and Conclusions

Natural hazards in the Cordillera Blanca are closely

connected with weather extremes irrespective of the

cause—extreme precipitation during El Niño episodes

or during ordinary rainy periods. Most of the events

happened during El Niño periods. Nevertheless trends in

precipitation changes are not convincing and if they are,

they are site dependent. Both variant increase and

decrease were identified. Climate change in the Central

Andes is evident considering the increase in air

temperatures. Warming occurs slightly less at higher

altitudes compared to the foothill (on the Pacific Ocean

side). The most important influence of climate change in

the Cordillera Blanca is on deglaciation which is rather

strong and well documented.

Deglaciation is connected with the formation of new

lakes as well as with instability problems of young

moraines. The main triggers of GLOFs are dynamic

slope movements into the lakes, earthquakes and flood

waves from lakes situated upstream. Therefore the GLOF

phenomenon should be studied properly in future,

because of its rising importance.

Despite several landslides from lateral moraines most

of them have maintained slope angles exceeding the peak

strength friction angle by up to 20� for decades. The

internal structure of the moraines seems to be a very

important factor for slope stability.

However, regarding the database statistics (from

DesInventar) we must take into consideration the fact

that truly extreme catastrophic events can, at least

partially, distort the above statistics—e.g. the earthquake

of May 31, 1970 which triggered hundreds of landslides in

the Cordillera Blanca (Plafker et al. 1971). Five

important El Niño episodes, which occurred in 1972/

1973, 1982/1983, 1986/1987, 1991/1992 and 1997/1998,

are the direct reason of nearly half (41 %) of

the catastrophes caused by extreme weather in the

given region and during the observed period. Therefore,

monitoring a longer time series in the future should

have an even greater informative value, as it will be possi-

ble to eliminate the impact of any one extreme event on the

statistical average (like the strong earthquake of 1970).
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Land-Use Change and Shallow Landsliding: A Case
History from the Apennine Mountains, Italy

Janusz Wasowski, Marina Dipalma Lagreca, and Caterina Lamanna

Abstract

We investigate temporal variations in land use and landsliding in a small catchment

characterized by the predominance of clay-rich materials and known to be prone to shallow

slope failures. The results demonstrate a pronounced change from land use dominated by

grassland pasture (~53 % in 1955) to wheat-based agriculture (~74 % in 2011). The

temporal series of landslide inventories also indicate significant variations in landslide

activity in the same period. In particular, the highest susceptibility to landsliding has been

registered in recent years on the sown fields which had initially (1955) been used for

pasture and grazing. The data also reveal that with time the steeper and apparently more

landslide-prone slopes with grassland-pasture have been given over to new wheat cultiva-

tion. The introduction of ploughing for the new wheat cultivation on the often steep slopes

that had originally been covered by grass is considered to be a significant factor in the

increased susceptibility to landsliding. The negative impact on slope stability can be related

to the decrease in effective strengths of soil resulting from modification of the existing

cover from grass that is present all year to wheat characterized by a few month growth

period per year, which implies increase in groundwater levels, and mechanical disturbance

of soil caused by tillage. Finally, for the studied period (1955–2011) the local precipitation

data indicated high inter-annual variability without the presence of any statistically signifi-

cant trends.

Keywords

Land use change � Wheat cultivation � Landslide activity � Apennines � Italy

Introduction

This work follows up our earlier studies on the

relative impacts of land-use change and climate on landslide

activity in the municipality of Rocchetta Sant’Antonio (the

Apennine Mountains) in the period 1976–2006 (Wasowski

et al. 2007, 2010; Lamanna et al. 2009). Here, we focus

on a small catchment (15.6 km2) and extend the observation

period of land-use changes and variations in landslide

activity by examining historical air photos from 1955 and

recent (2011) orthophotos. Furthermore, with respect to the

previous studies, the investigation of land-use change is

more detailed, thanks to the inclusion of an additional

class, i.e. grassland-pasture. For the entire period (1955–

2011) precipitation data from a local weather station are

also used to assess rainfall temporal variability and identify

possible long-term trends.

The main objective of this work is to draw attention to

anthropogenic pressures that can have considerable influence
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on local slope stability (e.g. DeGraff and Canuti 1988; Sidle

and Ochiai 2006). By using the example of this study we

argue that a detailed assessment of historical to recent land-

use changes is needed to avoid potentially misleading

interpretations and conclusions regarding impacts of climate

change and variability on landslide activity.

Environmental Setting of the Study Area

General

The study catchment is in the southern part of the Apennine

Mountains, often called the Daunia Apennines. The area

studied is characterized by moderate relief topography,

with elevations below 800 m above sea level and modest

slope inclinations (~10� on average).

Today the land use and vegetation cover is dominated

by agricultural activity (mainly cereals). Grassland-pasture

and trees are only locally significant. Barren land is

very limited, corresponding to flysch, limestone and clay

outcrops. Similarly, developed land (e.g. rural settlements,

roads) accounts for a small portion of the territory.

The area is characterized by a Mediterranean sub-humid

(sub-Apennine) climate, with annual rainfall values that show

large variations, from about 400 to nearly 1,000 mm (Fig. 1).

Fall and winter months have similar precipitation, which

together on average accounts for about 60 % of the annual

total. Thewinter season is relativelymild, with amodest amount

of snow precipitation. Summers are typically dry and hot.

Geology

The geologic units cropping out in the study area

belong to tectonically deformed flysch successions of Late

Cretaceous-Miocene age. They can be divided into three

main categories, each dominated by one specific lithology.

These include: clays-clay shales (76.5 % of the overall area),

sandstones (18 %) and limestones (5.5 %). The predomi-

nance of sheared, scaly clays (Fig. 2) with weak geotechni-

cal properties (Φ0
r varying from 6.9� to 16.5�) and the

presence of poorly drained slopes are considered the under-

lying causes of landsliding (Wasowski et al. 2010, 2012).

Landslides

The Daunia Apennines are well known for recurrent land-

slide problems (e.g. Zezza et al. 1994; Magliulo et al. 2008).

In a study of the area (132 km2) neighbouring to the north-

west of the territory of Rocchetta Sant’Antonio, Mossa et al.

(2005) reported a frequency of landslides exceeding 20 %.

They also showed that the landslide frequency is the highest

in the 10–15� slope class, followed by the 5–10 and 15–20

slope classes.

For the municipal territory of Rocchetta Sant’Antonio
(72 km2), the landslide inventories complied by Lamanna

et al. (2009) revealed the impact of slope failures, with areal

frequency of active landslides amounting to 2.0 % and 5.2 %,

respectively in 1976 and 2006. Most of these landslides were

relatively small, with resulting densities (number per km2)

ranging from about 6 (in 1976) to 34 (in 2006).

Subsequent studies within the municipality of

Rocchetta Sant’Antonio focused on the 15.6 km2 catchment

traversed by SP99bis road. The road was damaged by series

of landslides in the period 2003–2005 (Fig. 2) and this

prompted detailed subsurface geotechnical investigation, as

well as piezometer and inclinometer borehole monitoring.

The outcomes of the investigation demonstrated the link

between the presence of high piezometric levels in winter

and early spring months and the occurrence of predomi-

nantly shallow slope failures (Wasowski et al. 2010, 2012).

Data and Methods

The information and datasets used in this work included:

– Topographic base map at 1:5,000 scale, from 2002, and

the derived digital elevation model (DEM);

– Slope map obtained from the DEM;

– Inventory map of 30 landslides that damaged the road in

the catchment in the period 2003–2005 (from Wasowski

et al. 2010);

– Inventory maps of active landslides derived from 1976

black and white air photos (1:25,000 scale) and high reso-

lution (1 m panchromatic) 2006 IKONOS-2 multispectral

imagery (from Wasowski et al. 2010);

Fig. 1 Time series of hydrological year (October–September) and 6

month groundwater recharge period (October–March) precipitation

registered in Rocchetta Sant’Antonio; note the large inter-annual

variability. Arrows indicate the 4 years for which land use maps and

landslide inventories were compiled
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– Inventory maps of active landslides derived from 1955

black and white air photos (1:33,000 scale) and 2011

multispectral orthophotos (0.5 m resolution);

– Land-use maps derived from the same 1976 air photos

and 2006 orthophotos (updated after Wasowski et al.

2010);

– Land-use maps derived from the same 1955 air photos

and 2011 orthophotos;

– Daily rainfall data (1955–2011) from the pluviometric

station in Rocchetta Sant’Antonio.
This work also relied on frequent in situ inspec-

tions conducted in the study area since 2005. All the

datasets were collated and analyzed using commercial

Geographic Information Systems (GIS) and remote sensing

software.

Landslide Inventories

To assess the differences between historical (1955, 1976)

and recent (2006, 2011) landsliding, four temporally distinct

landslide activity maps were considered. In this effort

we closely followed our earlier work and the generally

accepted landslide mapping criteria (cf. Wasowski et al.

2010).

In addition to the already available 1976 and 2006

datasets, a historical landslide inventory was obtained

through a stereoscopic interpretation of 1955 air photos.

Furthermore, a recent landslide inventory was produced

from high resolution multispectral orthophotos acquired in

late winter of 2011.

Land-Use Maps

To estimate the differences between historical (1955,

1976) and recent (2006, 2011) land use, four temporally

distinct maps were compiled from the same air photos

and multispectral imagery used for landslide mapping.

Only two of them (for 1955 and 2011) are shown here

(Fig. 3).

We followed the approach described in our earlier

work (Wasowski et al. 2010, 2012). In particular,

through image interpretation four major land-use classes

were distinguished: (i) agricultural land (sown fields with

mainly cereal cultivation; (ii) grassland-pasture; (iii) trees,

including dense shrub; (iv) other (including uncultivated

and barren land and man-made structures). We will show

that these four classes of land cover and land use can

have different impacts on the susceptibility of slopes to

shallow landsliding.

Results

Variation in Landslide Activity

Table 1 shows a summary of landslide statistics for

the four inventories: 1955, 1976, 2006 and 2011. The

results, presented in terms of areal frequency of landslides

(in percent of total land area) and their density (number

per km2), reveal the presence of substantial variations

over time.

Fig. 2 Distribution of main

lithologic units in the study

area and locations of 30

landslides, mapped in 2005,

which damaged different

portions of the SP99bis road
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In particular, there is an increase over time in areal

frequency, from about 1.5 % in 1955 (2.49 % in 1976),

to 5.6 % in 2006 (2.73 % in 2011). The lower frequency

of landslides in 2011 could be in part due to the early

acquisition date of the orthophotos with respect to the

imagery used to produce the other three inventories

(respectively before and after the spring seasons).

Historical and Recent Land Use Versus Landslide
Activity

The land-use maps in Fig. 3 illustrate the changes that

occurred between 1955 and 2011. Whereas in 1955 the

major part of the land has been used as pasture and grass,

by 2011 sown fields are predominant.

Fig. 3 Land use and distribution

of active landslides in 1955

(upper) and in 2011 (lower).
A comparison of the two maps

reveals pronounced change from

grass-pasture land use to sown

field-based agriculture. There

are more active landslides in

2011 and they involve mainly the

sown fields. See Fig. 4 for land-

use statistics for 1955 and 2011,

as well as for the intermediate

years 1976 and 2006
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The temporal variations in land use are further detailed in

Fig. 4 in terms of areal frequency of the four land-use

classes: sown fields, grass-pasture, trees and other. This

quantification reveals that the increase in sown fields from

28 % in 1955 to 74 % in 2011 originated from the concomi-

tant reduction of the land used for pasture and grazing (from

53 % to 10 %).

Furthermore, already by 1976 the portion of the land used

as sown fields had nearly doubled with respect to 1955,

exceeding 50 %. During the entire period considered the

remaining two land-use classes have undergone relatively

minor changes (Fig. 4).

The influence of land-use changes on slope instability

appears evident when considering the distributions of active

landslides in 1955 and 2011 versus land cover in the same

years (Fig. 3). The maps indicate that the portions of the

grassland-pasture that have been changed to sown fields

agriculture are today (2011) most prone to failure. This is

consistent with the findings of Wasowski et al. (2010), who

compared land use and landslide activity in 1976 and 2006.

Further details on the influence of land-use changes on

landsliding, and in particular on the role of conversions to

sown fields are presented in Fig. 5. It is shown that the areas

with sown fields, which in 1955 had been used for pasture

and grazing, today (2011) exhibit the highest frequency of

active landslides (nearly 4 %). Indeed, before the conversion

this land-use class had already been the most landslide-

prone. Figure 5 also indicates that the conversion to sown

fields resulted in an additional increase in susceptibility to

slope failure.

The increased susceptibility to landsliding is further

investigated by considering variations of slope inclinations

of the sown fields. Figure 6 shows that during the entire

period (1955–2011) the majority of the sown fields were

within the same slope interval of 5–10�. Nevertheless, the
data revealed also a clear trend towards the cultivation

of steeper slopes. In particular, in the periods 1955–1976

and 1976–2006 the percentage of sown fields significantly

increased for the slope classes 10–15� and 15–20�. It is

likely that the expansion of cultivation onto steeper and

presumably less stable slopes also contributed to the

observed increases in frequency of active landslides.

Fig. 5 Areal frequency of active landslides in 1955 and 2011 for fields

that have already been sown in 1955 (“old” sown), and for the

remaining three land-use classes (grass-pasture, trees and other) that

have become sown after 1955. The two lines mark the average areal

frequency of landslides in 1955 and 2011. At present (2011), the

highest frequency to landsliding is observed on the sown fields which

had initially (1955) been used for pasture and grazing

Table 1 Variation of landslide activity with time in terms of areal

frequency (%) and density per km2

Year

Active landslides

Area (%) Number (km2)

1955 1.5 3.3

1976 2.5 6.3

2006 5.6 60.3

2011 2.7 12.7

Fig. 4 Statistics of lands use in 1955, 1976, 2006 and 2011. Note the

remarkable change from the grassland-pasture in 1955 (53 % of the

total area) to agriculture with the predominance of the sown fields

(74 %)

Fig. 6 Areal frequency of fields sown in 1955, 1976, 2006 and

2011 for different slope classes. Note the trend over time towards

cultivation of steeper slopes
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Discussion and Conclusion

Even though the comparison of the historical (1955,

1976) and recent (2006, 2011) inventories demonstrated

a significant increase over time in landslide activity in

the investigated catchment, the data available for the

same period from the local weather station did not

reveal any clear temporal trends in precipitation. In

fact, the climatic data indicated significant variations in

the annual rainfall, which are even more marked if

the October–March (groundwater recharge periods) are

considered (Wasowski et al. 2010).

Instead, the recent increases in the frequency of active

landsliding coincided with significant change in land use

over time. In particular, the areal extent of sown fields

(used mainly for wheat cultivation) grew from about

28 % (of the total catchment area) in 1955 to about

74 % in 2011. Furthermore, a comparative analysis of

the land-use maps and landslide inventories demonstrated

that the highest areal frequency of failures is recently

being registered on the slopes which had initially been

used for pasture and grazing. The negative impact of the

conversion to wheat cultivation on slope stability can be

related to the decrease in effective strengths of soil

resulting from (i) modification of the existing cover

from grass that is present all year to wheat characterized

by a few month growth period per year, which implies

increase in groundwater levels and (ii) mechanical distur-

bance of soil caused by tillage.
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Applicability of Relative Weights Derived for Nuwara
Eliya and Badulla Regions to the Areas with Different
Terrain and Climatological Characteristics

Kumari M. Weerasinghe, P.H.E. Dulanjalee, H.K.D.W.M.I.U.K. Hapuhinna,
and Hasali Hemasinghe

Abstract

Landslides affect the life and economy of Sri Lanka frequently. The National Building

Research Organisation (NBRO), Sri Lanka, has identified factors (i) bedrock geology, (ii)

hydrology and drainage, (iii) surface overburden, (iv) slope angle range, (v) land use, and

(vi) land forms as the major causative factors of Sri Lankan landslides. As these factors

contribute in different degrees to initiate a landslide, they have been assigned subjective

severity levels based on the characteristics of studied landslides.

The numerical evaluation system, presently used by NBRO to assess the overall

landslide hazard of a given site, has been derived through studying 1,076 landslides in

Nuwara Eliya and Badulla districts. As NBRO has extended its landslide hazard mapping

programme into other districts, verification of the applicability of weights derived through

Nuwara Eliya–Badulla study to the other districts with different terrain and climatological

characteristics has become a timely requirement.

The researchers have selected the districts of Galle, Kalutara and Kegalle for this

verification. Galle and Kalutara districts have gentler terrains than those in Nuwara Eliya

and Kegalle which have similar rugged terrains. The Galle, Kalutara and Kegalle districts

have higher soil moisture content than those in Nuwara Eliya and Badulla. The geology of

all districts belong to the highland series, with differences in rock constituents and the

structure. Similar to Nuwara Eliya, tea plantation is the major land use in Galle and Kegalle

districts. The land use in Kalutara, is rapidly changing from rubber plantation to other

commercial crops. All these regions have a recorded history of landsliding. These

highlands are becoming rapidly populated and inappropriate land use practices also have

contributed to the increasing frequency of landslides. Therefore, accurate mapping of

landslide potential is essential for ensuring the safety of the people and to delineate the

suitable land for development.

Keywords

Landslides � Hazard mapping � Causative factors � Relative weights

Introduction

Landslides and other forms of slope failures often affect the

life, property and economy in the hilly and mountainous

region of Sri Lanka. Water infiltration due to excessive or

prolonged rainfall, weathering of bedrock and water

intrusions through geologically weak strata are the most

common natural conditions which influence the stability of
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Sri Lankan landslides. Non-engineered slope modifications

for construction and other development, removal of plant

cover and root structure leading to excessive surface erosion,

and construction of water retaining structures upstream of a

slope are the man-induced conditions that frequently affect

slope’s natural equilibrium.

Several efforts have been taken by the experts to accu-

rately map the distribution of severity in landslide potential

in the central highlands in Sri Lanka and to develop

guidelines and construction methods for appropriate land

utilisation in that region. The outcomes of the landslide

hazard zonation mapping programme (LHMP) implemented

by the National Building Research Organisation (NBRO) in

1990 identifies the factors; bedrock geology, surface over-

burden, slope angle range, hydrology and drainage, land use,

and land forms as the major causative factors of Sri Lankan

landslides (NBRO 1995). Those factors contribute in differ-

ent degrees to initiate landslides. Since the impacts of those

identified factors are compounded (Bhandari and

Weerasinghe 1996), the integration of their impacts to eval-

uate the overall landslide potential depends on reasonable

and accurate appraisal of their independent contribution.

At present, NBRO applies numerical severity levels to

interpret the relative contribution of causative factors

(mapping attributes); however, NBRO’s rating criteria con-

sist a subjective severity levels as well (NBRO 1995).

Physical Characteristics of the Selected Study
Areas

The researchers have selected three study areas within the

districts of Nuwara Eliya, Galle, and Kegalle for this verifi-

cation (Fig. 1). Nuwara Eliya is located in the center of the

central highlands where the elevation ranges from 100 m to

2,524 m above MSL and carries the highest peaks and

plateaus of several mountain ranges some of which having

relief upto 700 m. A part of the southern border of the

highlands are located in the Galle district where the eleva-

tion ranges from 100 m to 800 MSL. Kegalle district is

located in the western part of the central highlands and the

elevation of the mountainous areas in Kegalle ranges from

250 m to 1,800 m MSL. Both in Nuwara Eliya and Kegalle

districts, the mountains are complex and corrugated, where

as in Galle district, undulating to rolling hills and

monadonocks can be observed.

The geology of all districts belong to the highland series,

with differences in rock constituents and the structure.

Charnockitic Gneiss and Granulitic Gneiss are the predomi-

nant lithology observed in the study area of Nuwara Eliya.

Charnockite is the most abundant rock type in the study area

of the Kegalle district. The study area of the Galle district is

mostly underlain by Charnokitic Gneiss and Khondalite

(Fig. 2).

The Galle, and Kegalle districts have higher soil moisture

contents than those in Nuwara Eliya. Tea plantation and

forest plantations are the major land use practiced in Nuwara

Eliya with minor extents of sparsely used croplands, scrubs,

and homesteads. Hilly terrains in Kegalle district are widely

utilized for rubber plantations along with lower extents of

mixed tree crops, and homesteads. The highlands in Galle

district is mostly covered by Forests and scrublands. Mixed

agroforesty homesteads, rubber plantations and terraced

paddy cultivations are also present but are fewer in extent

(Fig. 3). All these regions are becoming rapidly populated

and inappropriate land management has also contributed to

the increasing frequency of landslides.

The study areas commonly experience heavy rain during

the monsoon period and the landslides recorded within these

three districts are triggered by the high intensity rainfall.

Criteria for Relative Ranking of Mapping
Attributes

For landslide hazard zonation mapping, the mapping

attributes or the causative factors and the sub factor

attributes within a factor need to be ranked or assigned

Fig. 1 Locations of selected study areas marked on a relief map of Sri

Lanka (source: http://www.ourlanka.com)
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weights based on their relative contribution towards causing

a landslide. The basis of assigning weights to mapping

attributes and sub factor attributes completely depends on

the interrelationship between the observed landslides read

from a landslide inventory map and the mapping attributes

read from different factor maps, However, within NBRO’s
mapping methodology, assigning severity levels based only

on the frequency of landslides observed within a mapping

unit is highly discouraged, since that would unacceptably

favour to the map units with the larger areas (NBRO 1995).

For example, NBRO’s studies based on 863 landslide sites in
Nuwara Eliya and 213 landslide sites in Badulla reflects the

fact that majority of the landslides have been associated with

slope angle range of 17–31� which is also the most abundant

slope angle range present in the investigated regions. The

landslide hazard zonation maps prepared by assigning

highest weightings to this slope angle range indicated a

poor relationship between the inferred hazard and the

observed hazard (Bhandari and Weerasinghe 1996).

NBRO’s methodology suggests the following six criteria

C1 to C6 for studying the relationship between the mapping

attributes and observed landslides (NBRO 1995).

C1 ¼ Nu

Au
ð1Þ

C2 ¼ Alu

Au
ð2Þ

C3 ¼
Nu

AuXu¼n

u¼1

Nu

Au

ð3Þ

C4 ¼
Alu

AuXu¼n

u¼1

Alu

Au

ð4Þ

C5 ¼
Nu

Nt

Au
At

ð5Þ

Fig. 2 Distribution of predominant rock types within (a) Nuwara Eliya

(Wijewickrama et al. 1994), (b) Kegalle (Weerasinghe 2001) and (c)

Galle

Fig. 3 Distribution of land use practices within (a) Nuwara Eliya

(NBRO 1988), (b) Kegalle (Weerasinghe 2001) and (c) Galle
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C6 ¼ 1

2
þ Alu

Alt
þ Nu

Nt

� �
At

Au
ð6Þ

Within the above six criteria, Nu is the total number of

landslides observed within mapping unit, Au is the land

extent of that mapping unit, Alu is the total area of a mapping

unit, which has been affected by landslides, At is the total

area mapped, Nt is the total number of landslides observed

within the mapped area, Alt is the total land extent affected

by landslides within the mapped area.

In defining the six criteria, C1–C6, suggested within

NBRO’s hazard mapping methodology experts has given due

consideration not only to the percentage of landslides observed

within a mapping unit or attribute, but also to the area covered

by landslides within a map unit, because the significance of a

number of smaller area landslides is not similar to the signifi-

cance of a single landslide with equivalent total area.

The present numerical rating system has been derived by

application of above (1), (2), (3), (4), (5), (6) on the informa-

tion gathered on landslides in Nuwara Eliya and Badulla

districts (NBRO 1995). The interrelation between mapping

attributes of each of the six causative factors and the landslides

observed within the study area of Kegalle district had been

studied against the same six criteria in the year 2001

(Weerasinghe 2001). Within this research the interrelation

between the mapping attributes and the landslides observed

in the study area of Galle district was studied against the above

described six criteria. The results of this research along with

the results obtained for Kegalle district in 2001 will then be

comparedwith the severity levels derived in 1995 (Tables 1, 2,

and 3) to investigate the rationale of utilizing the relative

weights derived by using theNuwaraEliya data for the relative

ranking of same mapping attributes in other areas with differ-

ent terrain characteristics, different climatological conditions,

different lithological attributes and land use patterns. The

research is on going and this paper focusses only on the the

analysis of mapping attributes of three causative factors; (i)

Landforms, (ii) Land use and management, and (iii) the

attributes of geological subfactor, lithology.

Landslides Observed Within Different Mapping
Units

Kegalle District

For the Kegalle study performed in 2001, 156 landslides

observed within about 220 sq. km of land area had been

evaluated against the mapping attributes. Figure 4 interprets

frequency of landslides observed within the mapping

attributes of lithology, land use, and landforms. The

abbreviations used for landforms attributes (Hettige et al.

1994) are explained in the Table 4.

Galle District

For the Galle study 568 landslides observed within about

240 sq. km of land area had been evaluated against the

mapping attributes. Figure 5 interprets frequency of

landslides observed within the same three mapping

attributes.

Table 3 Weights assigned for Landforms attribute

Landforms mapping attribute

Numerical

rating

Qualitative

rating

Colluvial benches, Talus/screen slopes,

landslide scars, dissected gullied

surfaces, fault fracture zones, River/

stream capture zones

10 Very high

Mountain slopes with relief above

200 m (except terraced slopes), sink

holes, waterfalls

5 High

Hill slopes with 100–200 m relief

(except terraced slopes), terraced

slopes with relief above 200 m

3 Medium

Plateau, Hillocks and ridges with relief

below 100 m, terraced hill slope with

relief 100–200 m, Alluvial systems,

water bodies

1 Very low

Table 2 Weights assigned for land use and land management attribute

Land use mapping attribute

Numerical

rating

Qualitative

rating

Chena and other annual crops,

Grasslands, Open Country/

miscellaneous Uses, Water bodies

15 Very high

Poorly managed tea estate, Rubber

estate, Poorly managed forest

plantation, Terraced paddy, Agro

forestry/Home gardens, Market

gardens and small holder tea

cultivation, Degraded forests,

Secondary forests, scrublands,

wastelands, non-agricultural land and

rural settlements

8 Medium

Well managed tea estate, Coconut

estate, Farms and commercial

enterprise, Well managed forest

plantations, Urban settlements

3 Very low

Table 1 Weights assigned for lithology attribute

Lithological map unit

Numerical

rating

Qualitative

rating

Quartzite 08 Very high

Charnockite, Granulite or bedrock not

exposed

05 High

Granite, Garnet Biotite Gneiss, and all

other rock types

03 Medium

Weathered rock 01 Low

Marble 00 Very low
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Evaluation of Severity Levels of Mapping
Attributes

The results obtained by application of criteria C1–C6 were

first normalized for the ease of comparison and plotted as

illustrated in Figs. 6, 7, 8, 9, 10, and 11. While the criteria

C1, C3 and C5 investigates the impacts of mapping

attributes by looking at the landslide density within a

mapping attribute, criteria C2 and C4 investigates the

impacts of mapping attributes by looking at the area affected

by landslides within a single mapping unit. The criterion 6

evaluates the severity levels by reviewing both the number

of landslides observed within a mapping unit and the land-

slide affected land extent of a mapping unit.

Even though the results shown in Figs. 6, 7, 8, 9, 10, and

11 are sorted based on the normalized value of C1, in

defining severity levels, the normalized values obtained for

any of the (1), (2), (3), (4), (5), (6) were considered in

assigning subjective and numerical weights to the mapping

attributes.

Fig. 5 Distribution of landslide frequency, in Galle district, within (a)

different lithological attributes, (b) different land use attributes, and (c)

different landforms attributes

Table 4 Description of landforms interpreted by different codes

(Hettige et al. 1994)

Major landform category Tertiary landform category Code
Hill slope 50–350 m MSL

(plateau)

Undulating land D11

Undulating to rolling D12

Hill slope 50–350 m MSL

(summits or crest lines)

Isolated hillocks D21

Undulating land + hillocks D22

Rolling land with hillocks

and ridges

D23

Rolling hillocks an

minihills (dissected

plateau)

D24

Hill slope 50–350 m MSL

(relief below 100 m)

Straight slopes (no

variation of slope)

D31

Complex slope D32

Corrugated slope (straight

longitudinally, rolling later

D33

Corrugated and complex D35

Hilly and mountainous

(elevation 300–1,200 m)

Complex hill E32

Dissected hill slope E34

Complex corrugated and

dissected

E38

Straight mountain slope E41

Hilly and mountainous and

plateau

(elevation > 1,200 m)

Mountain slopes

(Relief > 200 m) straight

F51

Fig. 4 Distribution of landslide frequency, in Kegalle district, within

(a) different lithological attributes, (b) different land use attributes, and

(c) different landforms attributes (Weerasinghe 2001)
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Fig. 7 Relative ranking of

landforms mapping units in Galle

district according to the six

criteria

Fig. 6 Relative ranking of

landforms mapping units in

Kegalle district according to the

six criteria

Fig. 8 Relative ranking of Lithological mapping units in Kegalle district according to the six criteria
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As shown in Fig. 6, for Kegalle district, the landforms

attributes X33, E41, F51 and X42 shows very high severity

level. Similarly, the landform attributes D36, E46, D34,

D37, D38 and E44 show high severity level. The attributes

E38, E45, D33, and S31 show medium severity level,

whereas the attributes D35, D12, E36, D32, E31, D11,

E42, E32 show very low severity level.

According to the Fig. 7, for Galle district, the landforms

attributes E34, E45, D24, E32, D23, D22, D33, E38, D11,

D12, D31, D38, D48 show very high severity level. while the

Fig. 9 Relative ranking of lithological mapping units in Galle district according to the six criteria

Fig. 10 Relative ranking of land use mapping units in Kegalle district according to the six criteria
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landform attributes D32, D35, D36, D21, E48, E41, E42,

E35, C22, E36, E31 show high severity level. Landform

attributes E22, E34, A11 show medium severity level

while the attributes C12, D37, C11 shoe very low severity

levels. The severity levels for remaining two attributes can

also be defined in the same manner.

As evident by Figs. 8 and 9, the severity levels derived for

lithological attribute quartzite seems to have the highest

severity level both in Kegalle and Galle districts also. The

attributes, Charnockite, Khondalite, Charnockitic gneiss,

granulitic gneiss and Quartzo feldspathic gneiss also seems

to have high severity levels. In general, for the lithological

attributes, the same severity levels are applicable in all three

districts.

Further evaluation of the Figs. 10 and 11 indicates that the

normalized values of criteria C1–C6 calculated for land use

and land management attribute also show different trends for

the two districts of Kegalle and Galle and the severity levels

of these attributes seems to be different from those observed

in Nuwara Eliya district.

Conclusion

The results of this research indicate that the severity

levels of the mapping attributes of causative factors

Landforms and Land Use show different trends

depending on the geographical region which can be

related to the terrain characteristics and land use practices

of the region. Even though the severity levels assigned for

the lithological mapping attributes can be considered as

common to all three regions considered within this

research, such outcome may have been caused by the

fact that all three regions belongs to the highland series

and share somewhat similar geological characteristics.

Therefore, it is advisable to execute the relative ranking

criteria, whenever a new region with different

characteristics is mapped and assign the severity levels

to the mapping attributes, based on the outcome of such

evaluation. This is an ongoing research and evaluation of

severity levels for the remaining three causative factors

should be appraised before arriving at a final conclusion.
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Landslide Hazard and Risk in a Changing Climate

Mike G. Winter and Barbara Shearer

Abstract

Although the UK is a relatively low-risk environment where landslides are concerned such

events do have important socio-economic impacts and fatalities do occur. This report

considers the potential for landslide events in Scotland in the light of future climate change.

In particular, the UKCIP02 (deterministic) and UKCP09 (probabilistic) climate change

forecasts, current climate data and historic trends in Scotland’s climate are discussed to

obtain a clear picture of recent, current and likely future trends. The outcomes from this

analysis are then reconciled with a view of likely future landslide hazard trends and a

picture of potential future landslide risk in Scotland is presented.
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Introduction

The causal link between anthropogenic emissions of green-

house gases, increases in the global temperature anomaly

and climate change, which may or may not manifest as

higher temperatures at any given location, are now well-

established and have become part of the body of mainstream

thinking (e.g. Hill et al. 2007). Climate change is thus

increasingly seen as a scientific fact; occasionally a dissent-

ing voice may be heard but such disputes are increasingly

focused upon the scale of such changes and on the most

appropriate actions to be taken in terms of mitigation and

adaptation (e.g. Bellamy and Barrett 2007).

There is perhaps a tendency to focus upon the future

climate change issues at the expense of the wealth of infor-

mation captured within current weather patterns and recent

climate trends. In this paper these three closely related

threads of information—recent trends/current climate, his-

torical trends and future change (UKCIP02 and UKCP09)—

are brought together to provide a more holistic view of

climate patterns as they relate to landslides.

Scotland’s Rainfall Climate

The climate of Scotland in terms of its rainfall may be very

broadly divided into the relatively dry east and the relatively

wet west (Fig. 1), where almost twice as much rain falls, on

average, each year. Figure 1 shows data for the United

Kingdom in its entirety. The trend towards greater rainfall

in the more westerly parts is broadly maintained throughout.

However, it is also clear that the areas subject to high rainfall

are much smaller in the southern part of Great Britain

(England and Wales) than in Scotland in the north.

The data (Anonymous 1989) indicate that, in the lowland

regions in the east of Scotland, overall annual rainfall levels

are relatively low, being broadly comparable with drier parts

of England. While rainfall generally peaks in the summer

months of July and August in the east, the monthly average

rainfall data for Edinburgh (Figs. 2 and 3), which is broadly

representative of the east and one of the driest locations in

Scotland, indicates that in the main the monthly variations in

rainfall are relatively slight.
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In the wetter west, maximum rainfall levels are reached

during the period September to January (e.g. Tiree, Fig. 2).

Perhaps most marked is the variation in the monthly

averages with the driest month of May receiving around

half of the rainfall experienced in the wettest month of

October.

Although rainfall levels in the west are relatively low in

August, they do increase from a low point in May. It is worth

noting that while Tiree shows rainfall levels significantly in

excess of those for Edinburgh and Pitlochry (1,106 mm on

average per annum compared to 626 mm and 824 mm

respectively) other locations in the west of Scotland experi-

ence significantly more rainfall: e.g. Inveraray Castle with

around 2,036 mm of rainfall on average per annum (Fig. 2).

The central area, as represented by Pitlochry (Fig. 2), has

what might best be described as a mix of the rainfall

characteristics of the ‘east’ and the ‘west’. The rainfall

peak is both lower and shorter (December and January)

than in the west, but there are also small sub-peaks in August

and October.

Fig. 1 UK Met Office 30-year monthly average rainfall data

(1961–1990) for winter; blue indicates high and brown low rainfall

(the pattern is similar for other seasons albeit the numbers vary)

(images courtesy of the Met Office)

Fig. 2 Average rainfall patterns for selected locations in Scotland,

based upon 30-year 1951–1980 averages from Anonymous (1989)

Fig. 3 Map showing locations in Fig. 2. Reproduced by permission of

Ordnance Survey, on behalf of HMSO, # Crown copyright and data-

base rights, 2014. All rights reserved. Ordnance Survey Licence num-

ber 100046668
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Such average values mask large annual variations. Data

presented by Barnett et al. (2006a, b) indicate that the annual

average rainfall for the west of Scotland varies between

around 1,200 and 2,100 mm for the period 1914–2004,

equivalent figures for the east of Scotland indicate an equiv-

alent range of between around 770 and 1,450 mm. Such

figures themselves can, of course, mask significant areal

variations.

Additionally, the majority of weather monitoring stations,

including rainfall gauges, is located in more accessible low-

lying areas. While developments in remote sensing have

seen an increase in the number of observing sites in the

more remote areas it remains the case that the station net-

work is sparser in mountainous areas (McGregor and

MacDougall 2009). It is also the case that the network of

observation stations is designed to meet general uses and

climate (synoptic) monitoring requirements.

Rainfall amounts in the higher elevation, mountain areas

are usually greater due to orographic effects, albeit that the

accumulations are likely to be generally higher on the

westward-facing, windward, side of Scottish mountain

ranges than on the eastward-facing, leeward, side where

rain shadow effects may come into play. In broad terms

these orographic effects are borne out at the macro scale

for Scotland, and the UK as a whole, in Fig. 1. However,

scenarios in both the west and the east indicate that the soil

may be undergoing a transition from a dry to a wetter state at

or around August and that in the period October/November

to January the soil is likely to be in a wet, if not saturated,

state and that rainfall continues to be at relatively high

levels. This indicates an increased potential for debris flow

and other forms of shallow landslide activity during these

periods.

Clearly, the soil water conditions necessary for debris

flows may be generated by long periods of rainfall or by

shorter intense storms. It is however widely accepted that

Scottish debris flow events are usually preceded by both

extended periods of (antecedent) rainfall and intense storms

(Winter et al. 2009) and it should be acknowledged that two

landslide seasons are typically considered to prevail in

Scotland: Summer, July and August; and Winter, (October)

November to January (Winter et al. 2005).

Historical Trends

The observed trends in the climate of the recent past are

relevant as well as the forecasts for future climate change.

Work by Barnett et al. (2006a, b) describes trends in climate

across Scotland during the last century. The annual average

rainfall figures presented (for 1914–2004) indicate a broad,

but small, increase in the running annual average rainfall for

the north and, particularly, the west of Scotland while figures

for the east of Scotland are broadly stable. Barnett et al.

(2006a, b) consider two time periods: 1914–2004 and

1961–2004.

The data from the shorter (1961–2004) period, which is

affected by a dip in the overall average rainfall levels in the

1960s and 1970s, shows a clear upward trend in both winter

and annual precipitation while there is no clear trend for the

spring, summer and autumn periods. For the longer period

the statistical certainty inherent in the data is less and only

two clear trends are apparent: a reduction in summer precip-

itation in east Scotland and an increase in spring precipita-

tion in west Scotland.

Notwithstanding those trends that can be supported at the

95 % statistical confidence level, the data more generally

point to increases in precipitation in the winter and in annual

precipitation levels, particularly in the north and west of

Scotland. Changes in summer precipitation show no clear

trend in the 1961–2004 period but show a likely reduction

for the longer 1914–2004 period. Certainly if a single long-

term summary point is sought it would be that the trend in

annual precipitation is either to remain roughly constant or

to increase slightly while the changes within the annual

period are generally reflective of increased winter precipita-

tion, particularly in the west and north, and decreased sum-

mer precipitation, particularly in the north and east.

Potential Climate Change: UKCIP02

The deterministically-based UKCIP02 (UK Climate Impacts

Programme) report considered three periods: the 2020s, the

2050s and the 2080s and four alternative emissions scenarios

namely Low Emissions, Medium-Low Emissions, Medium-

High Emissions and High Emissions (Hulme et al. 2002).

The scenarios for Scotland show little predicted change in

annual mean precipitation over the next few decades, with

change being within the range attributable to natural

variability. However, Galbraith et al. (2005) discerned a

distinct seasonal pattern by the 2020s and in the low

emissions scenario. While little significant change was

predicted for the spring or autumn precipitation, changes

were found to be likely for the winter and summer. Winter

precipitation increases were between 10 and 15 % for the

Low and High emissions scenarios in the eastern regions,

with changes elsewhere being within the range of that which

can be accounted for by natural variability.

In the summer, decreases in the average precipitation are

predicted to be widespread with only the far northwest

seeing little change. By the 2020s Galbraith et al. (2005)

indicate that the High emissions scenario implies that

decreases are likely to be greatest in the south east of

Scotland and could be as much as 20 % less than present

day modelled levels. Year-on-year, or inter-annual,
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variability in precipitation is also predicted to change

(Galbraith et al. 2005).

Potential Climate Change UKCP09

UKCP09 gives climate change projections for a number of

climate variables over seven 30-year overlapping time

periods, at a resolution of 25 km (for administrative regions

and river basins) (Jenkins et al. 2009). This is the first UK set

of predictions to attach probabilities to different levels of

future climate change. These probabilities represent the rel-

ative degree to which each climate outcome is supported by

the evidence currently available (Anonymous 2011a). While

UKCIP02 considered four scenarios UKCP09 considers

three scenarios (High, Medium and Low).

The three emissions scenarios presented broadly similar

results up until the 2050s, before starting to diverge as the

2080s were approached (Anonymous 2011b). Accordingly

they designated the 2050s as the central point and structured

the relationship between emissions scenarios and predicted

climate change as follows:

• Lower limit: 10 % probability with low emissions

scenario

• Central estimate: 50 % probability with medium

emissions scenario

• Upper limit: 90 % probability with high emissions

scenario

This simplification makes extensive and complex data

sets manageable while retaining their meaning and breadth

(Winter and Shearer 2013). The data presented by both

Anonymous (2011a) and Anonymous (2011b) broadly con-

firm the likelihood of decreased summer precipitation and

increased winter precipitation, although it is perhaps more

difficult to assign specific regional differences. Additionally,

the data suggests approximately unchanged annual precipi-

tation although the lower limit estimate implies deceases and

the upper limit estimate implies increases in the annual

average, most markedly in the west of Scotland.

Precipitation intensity is considered by the proxy of wet-

test day in winter and summer (Anonymous 2011b). In the

winter for the lower limit and central estimate the change is

less than �10 % across most of the country. However, for

the upper limit the increase is of the order of 30–40 % in

coastal areas. In the summer the change could range from 10

to 20 % less in the lower limit prediction to 10–20 % greater

in the upper limit prediction.

The various data sets present a consistent picture and a

number of clear themes emerge:

• Spring and autumn rainfall is broadly unchanged or

slightly reduced as is the annual total.

• Winter precipitation is increased.

• Summer precipitation is decreased.

• Across the seasons storm rainfall events are expected to

become more intense and more frequent. (This is, how-

ever, perhaps one of the facets that climate models are

least well-suited to determining.)

Changing Hazard and Risk

The soils and weathering mantle that form the slopes subject

to debris flow comprise a wide range of materials, albeit that

periglacial, glacial, and post-glacial (including paraglacial)

processes dominate their formation and subsequent modifi-

cation. The particle size composition of debris flow

materials includes sizes ranging from coarse granular

(including boulders) to fine cohesive with most sizes

between potentially represented (e.g. McMillan et al.

2005); observations of the characteristics of the materials

involved in the August 2004 landslide events in Scotland

indicate such a diverse composition (Winter et al. 2006).

Both Winter et al. (2010a) and Milne et al. (2009) acknowl-

edge the importance of water-bearing soils, particularly peat,

located on high, relatively flat ground as trigger materials for

gulley-constrained debris flows. The materials that are later

eroded, entrained and transported in the body of the flow

may be of entirely different characteristics; often coarser-

grained materials from morainic and related features are

critical to the development of such flows.

Increased rainfall during the winter months seems likely

to increase the prevalence of landsliding in Scotland. This

is particularly so when considered in the context of the

likelihood of more intense rainfall events. The reduced soil

moisture, as a result of both predicted temperature

increases and rainfall decreases, during the summer and

autumn may mean that the short-term stability of some

slopes, particularly those formed from granular materials,

may be enhanced by the suction pressures that may

develop in such conditions. However, the available evi-

dence for climate change does point to an increase in

short duration, high intensity rainfall events, including in

summer. Soils under high levels of suction are vulnerable

to rapid inundation (Toll 2001), and a consequent reduction

in the stabilising suction pressures.

In addition, non-granular soils may form low permeabil-

ity crusts during extended dry periods as a result of desicca-

tion. If these do not experience excessive cracking due to

shrinkage, then runoff to areas of vulnerable granular

deposits may be increased. However, the formation of dry-

ing cracks could lead to the rapid development of

instabilities in soil deposits, potentially creating conditions

for the formation of debris flows. It is thus clear that there is

a number of potential failure mechanisms that may lead to

the initiation of a debris flow.
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Vegetation will also be affected by climate change.

Extended periods of dry weather leading to wildfires and

associated debris flow seem less likely to be a major factor in

the relatively wet climate of Scotland; it seems more likely

that an extension to the growing season will predominate in

terms of the effects of vegetation—a factor that is most

likely to have a positive effect upon instability. However,

the possibility of vegetation desiccation cannot be dismissed

during prolonged summer dry spells.

The available climate change forecasts thus present a

picture that tends to suggest that landslide hazard frequency

and magnitude may well increase in Scotland, at least in the

winter months. A rather more complex picture emerges for

the summer months but one possible outcome is that the

frequency of events may decrease but that the magnitude of

those that do occur may increase.

The primary landslide risks relate to transport infrastruc-

ture, albeit not exclusively (Fig. 4). Increases in the elements

at risk and the associated vulnerability (both the infrastruc-

ture and road traffic/users) seem likely in line with road

traffic and rail passenger growth.

Set against this are major activities such as the planned

upgrade of the A9 strategic road to dual-carriageway and

major studies to identify and examine options to reduce

landslide risk. Indeed, it is worth considering that should

traffic levels grow substantially then the infrastructure will

cease to be viable in its current form. If limits on access to

the network are not to be introduced, then major upgrades

will become necessary affording the opportunity to address

landslide hazards and risks from the outset.

However, the approach of infrastructure upgrade does

seem to be unlikely to be viable across the network and

certainly is unlikely to be so much beyond the strategic

road network for example. In such cases localised hazard

mitigation schemes and route-based exposure management

schemes will be necessary.

In addition the complex interplay between changing land

use and the effects of emerging technology on work patterns

will change the way in which society addresses such infra-

structure and may also introduce new infrastructure that may

itself be at risk from landslide hazards (Winter and Shearer

2013).

Conclusions

Rainfall-induced debris flow events are a relatively com-

mon occurrence in Scotland. In broad terms the available

climate change forecasts present a picture that suggests

that landslide hazard frequency and magnitude will

increase in Scotland in the future, at least in the winter

months when rainfall is expected to increase. The picture

for the summer months is considerably more complex,

but one likely outcome is that while the frequency of

events may decrease their magnitude, when they do

occur, may increase.

The primary landslide risks relate to transport infra-

structure, albeit by no means exclusively. It seems clear

that the effects of climate change is most likely to

increase the hazard and also that increases in the elements

at risk and their vulnerability are likely to increase in line

with traffic growth. Landslide risk is thus likely to

increase as a result of these factors.

Against this must be set planned network upgrades

that may minimize such hazards and risks at the outset,

albeit this will not be a universal panacea and exposure

management and hazard mitigation schemes will be nec-

essary. The complex interplay between changing land use

and the effects of emerging technology on work patterns

will change the way in which society addresses such

infrastructure and may also introduce new infrastructure

that may itself be at risk from landslide hazards.

While we are still asked, as scientists, whether we

“believe in climate change” (Pope 2009), the question

Fig. 4 Urban landslide at Bervie Braes, Stonehaven, on the north-east

coast of Scotland (February 2010). The landslides at Bervie Braes occur

on a raised sea cliff
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has long since ceased to have meaning; we do not drive

our cars in a manner so as to avoid impacts with other

vehicles and pedestrians because we ‘believe’ in

Newton’s Laws, the scientific evidence for the existence

and veracity of which in a terrestrial environment is

overwhelming. The scientific evidence for climate

change is also overwhelming; belief simply does not

come into the equation. There remains, of course, signifi-

cant uncertainty surrounding those changes and Winter

et al. (2010b) summarised these with reference to Donald

Rumsfeld, the former US Secretary of Defence as

follows, there are:

• Known knowns: Including past climate trends, their rela-

tion to current patterns and the fact of climate change and

instability.

• Known unknowns: The degree and nature of climate

change and its impacts, particularly in the light of the

variability in climate change forecasts and instability in

year-on-year climate patterns. The impacts might, for

example, include the responses of vulnerable human

populations to climate change and instability.

• Unknown unknowns: The nature of some other impacts of

climate change, although as these are genuinely unknown

unknowns these really will have to wait until our knowl-

edge is more complete—they are after all unknown. Pos-

sibly the real value of this point is to serve as a reminder

that there will always be issues that arrive unexpectedly

out of the leftfield.
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Validation of a Simulation Chain to Assess Climate
Change Impact on Precipitation Induced Landslides

Alessandra L. Zollo, Guido Rianna, Paola Mercogliano, Paolo Tommasi,
and Luca Comegna

Abstract

Since prehistoric times, the clayey slopes of Orvieto (Central Italy) have been affected by

slow movements directly related to soil–atmosphere interaction. Understanding how cli-

mate changes could affect future evolutions of such movements is a challenging issue; to

this aim, a simulation chain is set up: General Circulation model (GCM) outputs are

dynamically downscaled through regional climate models (RCMs); rainfall values are

then subjected to techniques to correct biases; so obtained rainfall time series can be

adopted as input for tools evaluating slope stability conditions. Three bias correction

techniques (BCT) have been applied: linear-scaling, quantile mapping and Analogs

method. This work analyses their strength and limitations as well as their capability for

outperforming the uncalibrated RCM outputs under current climate conditions

(1981–2010) for the Orvieto case study. These results suggest that the BCT may be very

useful tools for climate change impact studies where users require high resolution data and

systematic errors to be minimized.

Keywords

Over consolidated clay � Climate change � Climate model � Bias correction � Rainfall

thresholds

Introduction

In recent years, the variation in magnitude and frequency of

landslide events induced by changing rainfall patterns

caused by climate changes (CC) is an issue that is widely

debated in the literature (Coe and Godt 2012; Crozier 2010;

Sidle and Ochiai 2006).

Evaluations of future evolutions of slope stability

conditions are often carried out through prospective

approaches based on the commonly adopted hydrologic-

slope stability models where upper boundary conditions are

the forcing obtained from climate projections (Dixon and

Brook 2007; Dehn et al. 2000; Collison et al. 2000).

Accordingly, in order to obtain data at temporal and spatial

scales suitable for hydrological impact studies, General Circula-

tionModel (GCM) outputs (maximum resolution 50 km) can be

downscaled through dynamical approaches which nest regional

climate models (RCMs) on the GCMs for the area of interest.
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In order to investigate the effect of CC on landslides

though GCM + RCM simulation chain, two important

constraints have been taken into account:

(i) it returns reliable outputs until daily scale (Maraun et al.

2010); for this reason, until now, researches have been

focused on landslide phenomena induced by effective

precipitations over not less than 1 month (Collison

et al. 2000; Dehn et al. 2000; Dixon and Brook 2007),

while few attempts are conducted to investigate the

effect of CC on shallow landslides controlled by heavy

hourly precipitations;

(ii) the comparisons between observations and RCM

outputs (both precipitation and temperature) show bias

regardless the used RCM and the investigated areas

(Christensen et al. 2007; Maraun et al. 2010;

Gudmundsson et al. 2012; Lafon et al. 2013); thus,

RCM output cannot be directly used as input for impact

models (Gutjahr and Heinemann 2013).

To reduce the bias in climate data, many investigators

have adopted stochastic weather generator techniques

(Kilsby et al. 2007) or bias correction techniques (BCTs)

(Lafon et al. 2013; Themeßl et al. 2010). In particular, the

different BCTs, developed in recent years, differ from each

other depending on the features of the impact study for

which are to be used (e.g. need to correct only the mean

value or the entire probability distribution) and the amount

of observed data required for a proper calibration.

In the present work, three bias correction methods with

increasing complexity have been considered in cascade to

RCM: linear-scaling, quantile mapping and analogs method.

Since a realistic representation of precipitation fields is cru-

cial for impact assessment, their performances are tested in

reproducing the current climate (1981–2010).

This work is then aimed to display, for Orvieto (central

Italy) landslide case-history, what is the benefit of

implementing bias correction techniques, the effectiveness

of the widely used approaches in removing precipitation bias

and how they obtained data result in different estimates of

slope stability conditions.

Orvieto Case-History

Orvieto is an historical town of Central Italy raising on top of

a 50-m-thick tuff slab (about 700 � 1,500 m) delimited by

subvertical cliffs; the slab overlies an half cone formed by

overconsolidated clays; between the slab and the clay sub-

stratum, a sequence of coarse-grained (Albornoz) fluvial-

lacustrine sediments (variable thickness 3–15 m) is

interposed.

The clay formations present the following succession of

materials (from bottom to top): at depth, clay is stiff and

intact; in the central part, the fissures appear and gradually

increase upward; in the shallower part, the clay formation

shows fissures and joints (opened at the top) and clear signs

of oxidation.

The clayey slopes are blanketed by an irregular cover of

talus and slide debris. Talus debris originate from the dis-

ruption of volcanic and Albornoz materials while landslide

debris are caused by landslide movements (Tommasi et al.

2006, 2012).

Oedometer compression tests and, in situ, falling head

tests in Casagrande piezometers provided permeability

values of the magnitude of 10–11, 10–10, and10–9 m/s for

the stiff clay, softened clay, and slide debris, respectively.

However, bulk hydraulic permeability of the softened

clay and the shallow debris could be significantly higher

due to the presence of vertical fissures and joints.

Since prehistoric times, failures and slow movements

have been affected the Orvieto slopes (Lembo Fazio et al.

1984): the two historically failures events (Porta Cassia, on

northern slope, 1900 and Cannicella, on southern slope,

1979) were induced by man-made changes to slope geome-

try or hydraulic conditions; ongoing slow movements (trans-

lational) are directly related to soil–atmosphere interaction.

Deep movements occur along pre-existing slip surfaces

located within the softened part of clay formation (displace-

ment rates from 2 to 6 mm/years) while, shallow

movements, superimposed to the deep ones, involve the

debris cover and show higher displacement rate

(displacements between 7 and 12 mm/month).

For this reason, since 1982 the northern slope (Fig. 1) has

been monitored; for each of seven monitoring stations,

instrumented boreholes provide displacements values

(through the inclinometers) and piezometric levels

(Casagrande piezometers) at several depths within the soil.

Fig. 1 Map of the northern slope of Orvieto hill; (1) slide scarp, (2)

limit of the area affected by 1900 Porta Cassia Slide, (3) limit of

independent portions inside the 1900 Porta Cassia slide, (4)

instrumented boreholes (modified by Tommasi et al. 2012)
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The contemporary presence of weather data and of dis-

placement measures has allowed to check, in previous

researches (Tommasi et al. 2006, 2012), how the cumulative

precipitation of 120 days P120 exhibits a very good correla-

tion with activity of deep movements; a value of such

parameter ranging from 400 mm and 500 mm, appears as a

reasonable threshold beyond which sliding re-activate or

sharply accelerates.

The P120 frequency distribution over the 30-years moni-

toring period is approximated through the Generalized

Extreme Value (GEV) model (continuous black line in

Fig. 3), the recurrence period Tr for the values corresponding
to the extremes of the “threshold” interval defined above,

ranges from 1.5 and 3 years, close to the mean value calcu-

lated for observed period of landslide reactivation.

Data and Methods

Observed Data

Daily temperature and precipitation data for Orvieto site are

available since 1921 thanks to a meteorological station of the

Hydrological Office of Regione Umbria located on top of

slab (315 m a.s.l.), very close to the investigated slope. The

daily data cover the time window 1921–2010; the rainfall

values time series result quite complete; major gaps concern

the period 1943–1946 (reliable observations are not avail-

able even for neighboring stations) and the data related to

years 1966, 1979 and 1980; for these 3 years, data are

replaced by measurements at Acquapendente station

(425 m a.s.l.; about 20 km away from the case study site).

This choice was dictated by the good agreement between

cumulated precipitation values of Orvieto and

Acquapendente station on seasonal and annual scale during

regular working periods.

COSMO-CLM Regional Climate Model

In this study, COSMO-CLM regional climate model is con-

sidered to perform dynamical downscaling (Rockel et al.

2008).

In order to test the capabilities of the regional model in

reproducing the present climate, two simulations have been

performed for the control period 1981–2010: one forced by

ERA-Interim Reanalysis (Dee et al. 2011) allowing a char-

acterization of the error relatedonly to the regional climate

model COSMO-CLM and onedriven by CMCC-CM global

climate model (Scoccimarro et al. 2011) in order to test the

predictive capabilities of GCM + RCM simulation chain.

The two COSMO-CLM simulations adopted in this work

have been performed over Italy (3–20�E/36–50�N) at a

horizontal resolution of 0.0715� (about 8 km), 40 vertical

levels and seven soil levels.

Bias Correction Techniques

The aim of this work is to investigate what is the benefit of

implementing bias correction techniques in order to reduce

the bias of climate models. The three considered bias cor-

rection methods are: (i) linear-scaling (LS), (ii) quantile

mapping (QM), and (iii) MOS Analog method.

Linear scaling is the simplest approach: it consists in

scaling the model data using a corrective factor calculated

as the ratio of observed and simulated monthly mean

precipitations:

P∗ dð Þ ¼ P dð Þ μm Pobs dð Þð Þ
μm Prcm dð Þð Þ ð1Þ

where, for the day d of the month m, P∗(d) is the corrected
value, P(d) is the original daily precipitation from the RCM,

μm(Pobs(d)) and μm(Prcm(d)) are respectively the observed

and simulated monthly average precipitation for the month

m.

The quantile mapping correction, instead, tries to adjust

all the moments of the probability distribution function

(PDF) of the precipitation field. It estimates P∗ as a function

of the original variable P using a transfer function calculated

forcing the equality between the CDF (cumulative distribu-

tion function) of the observed and simulated variables (Piani

et al. 2010):

Frcm Prcmð Þ ¼ Fobs Pobsð Þ ð2Þ

where Frcm and Fobs are, respectively, the CDF of the

simulated and observed precipitation. So the corrected pre-

cipitation is obtained using the following equation:

P∗ dð Þ ¼ F�1
obs Frcm Prcm dð Þð Þð Þ ð3Þ

The most commonly used distribution for representing

the PDF of precipitation is the Gamma distribution, depen-

dent only on two parameters. Several studies have proved

that it is effective for modeling rainfall data (see e.g. Gutjahr

and Heinemann 2013; Teutschbein and Seibert 2012). In this

study we use this distribution to approximate both observed

and simulated monthly data.

The last considered bias correction technique is the MOS

analog method. The original idea of this method (Lorenz

1969) is based on the comparison between large-scale

weather patterns and observational record: a simulated

large-scale atmospheric situation (predictor) is compared to

each one of the historical observations and the most similar,
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according to Euclidean distance, is chosen as its analog. The

corresponding local-scale observation (predict and) is then

associated to the simulated large-scale pattern. This proce-

dure is repeated for each day to be downscaled. Here a new

implementation of the standard analogs method is consid-

ered, that has been positively tested over Spain by Turco

et al. (2011), in which the predictor is the daily RCM

precipitation.

Results

Mean monthly precipitation (Fig. 2a, b) and mean number of

wet days μm(nwd(d)) (Fig. 2c, d) are displayed for the

observed data (black line) and for the COSMO-CLM

model forced by ERA-Interim reanalysis data (left side),

and by the GCM, CMCC-CM (right side) respectively

under uncorrected or bias-corrected configurations.

For estimating the landslide activity of the Orvieto slope,

sensitive to cumulative rainfall over very long periods, both

μm(Pobs(d)), and μm(nwd(d)) play a significant role.

The configuration, with “perfect” boundary conditions

allows to isolate the uncertainties related only to RCM

(+BCT), while GCM + RCM(+BCT) enables to evaluate

the uncertainties of the entire simulation chain.

To increase the signal to noise ratio (Maraun et al. 2010;

Fowler and Ekström 2009), results are not calculated for the

grid point nearest to the slope but for a 5 � 5 grid point box

having the investigated area as midpoint. This procedure

considers the spatial scale on which RCM has provided,

for this test, the higher predictability.

Observed data show a rainfall pattern typical of Central

Italy characterized by two peaks: the first one between

March and April and the second one, much sharper, between

October and November.

All approaches reproduce the actual pattern of mean

precipitation (Fig. 2a, b); nonetheless, for both forcing

configurations, COSMO-CLM values show a significant

underestimation during the entire year; the bias is compara-

ble to that shown by other RCMs (Frei et al. 2006;

Christensen et al. 2007). The model dramatically

underestimates the marked rainfall peak in the fall season

(on average, of 40 mm/month) while in the other seasons the

bias is less pronounced, but still significant. Of course, such

data are not suitable for impact studies. Regardless of how

regional model is driven, linear scaling and quantile

mapping allow to nullify the bias. LS approach, acting on

the monthly average values of RCM precipitation distribu-

tion, essentially moves upward the initial RCM trend, while

QM, trying to reproduce the entire distribution as well as

possible, completely removes the error associated to the

mean value, reduces greatly the error related to standard

deviation and, at lesser extent, the error for the other statisti-

cal moments (further results not shown).

On the other hand, the MOS analog approach, although

markedly improves the RCM estimates, does not reach the

Fig. 2 Mean monthly

precipitation (a), (b) and mean

number of wet days (c), (d) for

observed data (OBS), original

simulation (RCM) and corrected

simulations using linear scaling

(RCM + LS), quantile mapping

(RCM + QM) and MOS analog

(RCM + MOS) methods. Plots

are relative to the simulations

forced by ERA-Interim (a)–(c),

and by the GCM, CMCC-CM

(b)–(d)

290 A.L. Zollo et al.



same results, probably, because it is more affected by

theintrinsic difficulty of relating a model to a single station

point.

Indeed it should be noted that the model output is not a

point value but an average value over a grid which is reliable

at the scale of a few grid cells (Maraun et al. 2010). In

Fig. 2c, d, the seasonal cycles of the mean number of wet

days (e.g. daily rainfall higher than 1 mm) for both forcing

configurations are displayed. COSMO-CLM forced by re-

analysis data captures the observed cycle during the winter

and spring seasons but it underestimates the number of rainy

days during the summer and fall seasons (probably due to a

poor estimation of convective events); instead, COSMO-

CLM forced by GCM CMCC-CM probably reproduces too

many drizzle days in winter and spring, overestimating the

mean number of wet days in these seasons.

Following Maraun (2013), it could be attributable more

than to deficiencies of the RCM but mostly to scale mis-

match between rain gauge point and area average

simulations. Regarding the BCTs, the MOS analog approach

again does not properly correct the RCM outputs and

exasperates its underestimation during the summer and

fall; LS approach allows a better estimate mainly for ERA-

Interim driven configuration. QM technique, working on the

entire probability distribution, change heavily the RCM

values; for ERA-Interim driven configuration, it involves

an overestimation of actual number of wet days during the

fall and early winter season while, for GCM driven configu-

ration, it allows to get an excellent estimate of measured

values (bias much lower than 1 day during the entire year).

Finally, the poor performance of the MOS analog

approach (in the last column) points out how it is not a

suitable tool to remove bias to the slope station scale.

The described results lead to the estimates of activity of

deeper movements reported in Fig. 3. The estimates, using

GEV model, of the recurrence period Tr of P120 values

(observed or simulated according the four approaches) are

reported.

Under both configurations (ERA driven and GCM-

driven), uncorrected RCM approach returns values of the

“threshold” interval which are significantly underestimated.

The MOS analog approach partly improves them despite, for

the upper extreme of the range, estimates a value three times

higher and thus a consistent underestimation of the landslide

body movements.

LS and QM approaches are able to fit the GEV based on

observed data regardless of forcing adopted for the regional

model; in particular, the QM technique only slight deviates

from the observed values, at very high P120 when ERA-

Interim data is adopted to force RCM.

The approach carried out, in this case, to estimate land-

slide activity, requires as input only the maximum yearly

cumulative precipitation and it is completely insensitive

about the distribution of the precipitation over the seasons;

under such hypotheses, LM and QM return nearly the same

results.

Conclusions

As already found in other impact studies about the effect

of climate changes conducted with GCM/RCM

simulations, the outputs of these climate models are not

directly suitable also for landslides.

The choice of the proper bias correction technique is a

function of the analysis scale and of the tool used for

estimating slope stability.

In this respect, this work proves that, at the slope scale,

MOS analog technique is not applicable.

Moreover if the estimate of landslide activity is only

based on the average precipitation values, LS and QM

return similar performances. Conversely, if the slope

hydrologic balance is carried out through more sophisti-

cated tools, the daily variability can be significant and

BCTs, able to correct the entire distribution, have to be

adopted.

In the specific for QM, the γ-distribution-based correc-
tion method performs wellin reducing RCM outputerrors,

but is only applicable if observed and simulated precipi-

tation follow a γ-distribution. A possible alternative is the

use of nonparametric methods. In the literature, other QM

approaches using empirical distribution functions exist

and have the advantage of being used without specific

assumptions about rainfall frequency distribution (Lafon

et al. 2013; Gudmundsson et al. 2012). These methods

have proven to return excellent performances but they

Fig. 3 Estimate of the recurrence period of P120 according to GEV

model on 1981–2010 observed dataset (black line); continuous and

dashed lines are, respectively, adopted for ERA-Interim and CMCC-

CM driven configurations for uncorrected outputs (red) or corrected
according quantile mapping (blue), linear scaling (green) or MOS

analog (magenta) approaches
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have many degrees of freedom and therefore they are

more sensitive to the choice of time period and to possible

overfitting (Gutjahr and Heinemann 2013). Moreover the

application of this method for future periods is more

problematic due to the likely presence of unprecedented

values in future scenarios (Berg et al. 2012).

Furthermore, the need of implementing stochastic bias

correction approaches to properly address the scale mis-

match between point observation and area-averaged

simulations (Maraun 2013) will be examined.
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Recognition and Mechanics of Landslides



Introduction: Recognition and Mechanics
of Landslides

L. Picarelli and B. Abolmasov

Abstract

Landslides are complex geologic events whose movement patterns (mechanisms) are

strongly related to the mechanical processes that take place in the soil/rock mass from

the pre-failure to the post-failure stage. Only a clear understanding of the relations between

mechanisms and mechanics can support landslide analysis and mitigation.

Keywords

Landslide mechanisms � Mechanics � Classification

A landslide is the last stage of a failure process, started some

time ago somewhere in the slope, which can be considered

fully accomplished only when both edges of an often thin

persistent zone of rupture, spreading into the outcrop (typi-

cally a shear or a tensile zone depending on material),

eventually reach the ground surface. At that time no further

reserve of strength is available and conventionally infinite

strains can eventually took place within the zone of rupture.

The mechanics of the failure process is always complex,

being affected by a number of factors, as the slope geometry,

the outcrop lithology and/or structure, the initial conditions

(both state of stress and pore pressures), the boundary

conditions (or triggering factors, according to a simplified

view of the problem), the rate of stress change and the soil

properties. With a few exceptions, slope failure is then a

progressive process which can follow variable mechanisms

and rates revealed by the landslide type, that is roughly

categorized through classic landslide classifications [see

Varnes (1978), or the more recent update by Hungr et al.

(2013)].

An important feature which still more contributes to

landslide classification is the mechanism of post-failure

movements, which can be by fall, topple, slide, flow, spread,

or by a combination of these styles. Again, different factors

contribute to the movement pattern: slope geometry, geolog-

ical settings, rock and soil properties, failure mechanism,

pore pressure regime and potential changes induced by the

failure itself or by subsequent movement. It is well known

and widely recognized that the post-failure pattern is a key

aspect which affects the landslide intensity, thus the hazard

and risk and both the procedures to adopt and the resources

to provide for risk mitigation.

Therefore, a landslide has always to be viewed as the

result of a mechanical process covering the pre-failure, the

failure and the post-failure stage (Leroueil et al. 1996).

Mechanism (or pattern) and mechanics of the entire process

cannot be separated (Picarelli 2000). Without a clear view of

this close relationship any landslide cannot be completely

understood and its potential consequences mitigated. This

should be a major aim of investigations, including site

surveys, site investigations, laboratory testing, monitoring

results, numerical experiments and analyses.

These were excellent reasons to organize a session on

“Recognition and Mechanics of Landslides”, well aware that
useful data and considerations on landslide mechanisms and

mechanics can be found in any paper, whatever is the session

to which is belongs, provided it deeply grounds its roots in

the domain of the Soil or Rock Mechanics.
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Mechanism and Dynamics of Umka Landslide,
Belgrade, Serbia

Biljana Abolmasov, Svetozar Milenković, Branko Jelisavac, Uroš Ðurić,
and Miloš Marjanović

Abstract

Landslide development along the valley banks of the Sava and Danube rivers is linked to

the theory of river channel evolution, which encompasses the synchronous evolution of

erosion and accumulation processes within the river channels and their impact on the

morphological modeling of river banks. Within this process, the evolution of each part of

the river valley is carried out regularly, with the development of characteristic relief forms

on one hand and adequate accumulation products on the other. One of the largest landslides

in Serbia, Umka, is formed on the right bank of the river Sava. The physical and mechanical

properties of the colluvium vary over a wide range due to the complex composition and

susceptibility to external impacts. By analyzing all the available data in the light of

monitoring results, it may be possible to come to a rational explanation of the landslide’s
origin, properties and their mechanism and dynamics, position and features of landslide

zones and dependable definition of landslip maximum depth with a realistic forecast of

further development.

Keywords

Landslide origin � Mechanism � Monitoring � Dynamics

Introduction

Slopes instabilities in the areas on the edges of the Pannonia

basin, as well as in the wider vicinity of Belgrade, i.e. the

slopes of the right banks of Sava and Danube, are well

known in the literature. They were reported in the past by

Luković (1951), Perić (1970), Vujanić et al. (1981) and

Lokin et al. (1988). The basic cause of these instabilities is

the complexity of geological and morphological evolution of

the terrain during the Tertiary and Quaternary, related to the

synchronised fluvial erosion of the right banks of the Sava

and Danube and accumulation on the left bank (Rokić 1997;

Rokić et al. 1998; Rokić and Vujanić 2002). Intensive

human activities, especially during the twentieth century,

reactivated many fossil landslides of the right banks of

Sava and Danube, and activated numerous new ones.

Landslide Umka is located 25 km south-west of Belgrade,

Serbia (Fig. 1), and has been investigated in detail over the

past 30 years, which provides extensive geotechnical docu-

mentation, as well as a great number of published papers:

Vujanić et al. (1981, 1984, 1995), Ćorić et al. (1994, 1996),

Dangić et al. (1997), Hadžiniković (1998) and Jelisavac

et al. (2006). The last phase of investigations for the Prelim-

inary Design of the E-763 motorway was completed in 2005,

and no further investigation has been conducted since then.

No remedial measures were implemented, and the motorway
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was not built. Conventional monitoring of the Umka land-

slide lasted during the financing period of the investigations

in 1992 and 2005, but after the completion of the last phase

in 2005 this was also stopped. Automated GNSS monitoring

was established in March 2010 in the body of the Umka

landslide as part of a project supported by the Ministry of

Education, Science and Technological Development of the

Republic of Serbia TR 36009 (Abolmasov et al. 2012). Since

November 2012, research and monitoring of the Umka land-

slide are supported as project No 181 ICL/IPL.

This paper presents the results of investigations

undertaken until now, as well as the results of the landslide

monitoring. The analysis of all currently available results of

investigations and monitoring of the landslides allowed

remedial measures to be proposed. These proposed remedial

measures are the result of combined knowledge and under-

standing of the causes, mechanisms and dynamics of the

landslide of Umka near Belgrade.

Materials and Methods

Detailed geotechnical investigations of the Umka and

Duboko landslide localities have been conducted to prepare

technical documentation for different phases of planning and

design of the E-76 (renamed to E-763) highway, which

transects both landslides. Smaller scale investigations have

been undertaken for urban development of the Umka settle-

ment. The first phase of investigations began in 1979 by the

Highway Institute Belgrade; however, this documentation

was not available. Results of this phase of investigations

were published by Vujanić et al. (1981, 1984). The follow-

ing and most extensive phase of was completed in 1992, and

the documentation was available in analogue format, as were

the published reports and papers Ćorić et al. (1994, 1996),

Dangić et al. (1997), Hadžiniković (1998) and Jelisavac

et al. (2006). Apart from extensive geotechnical

investigations, various paleontological, mineralogical, geo-

chemical, chemical, hydrological and other investigations

were conducted during this phase. Large number of samples

from the landslide body, sliding surface and bedrock taken

from boreholes, shafts and pits were tested in the laboratory

in order to establish their physical and mechanical

characteristics (determination-classification and stress-strain

tests). Conventional monitoring of the landslide included

monitoring in 10 inclinometer constructions and 65 geodetic

reference points that were recorded by tachymetry. In addi-

tion, the inhabitants of the Umka settlement have been

interviewed and an inventory of types and level of damage

to the housing structures was carried out. The last phase of

investigations was completed in the period 2005–2006, and

during this phase the accent was on landslide monitoring and

definition of the exact depth to the sliding surface.

During the investigations conducted in 2005, intensive

secondary movements within the body of the Umka landside

occurred, so the most of inclinometer constructions were

stopped after 3–4 months. At the same time, the recorded

levels of river Sava were very high, as were the levels of

underground waters after the period of rapid thaw during the

early spring (Abolmasov et al. 2012).

Following 2005 there was no landslide monitoring

or investigations conducted until automated GNSS monitor-

ing of the Umka landslide was established in 2010

(Abolmasov et al. 2012, 2013). Since then, the movements

and fluctuations of the levels of the Sava, as well as hydro-

meteorological parameters (type and amount of precipita-

tion, temperature regime, etc.), have been followed daily.

Fig. 1 Geographical location of the study area

Fig. 2 Engineering geological map of Umka landslide
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Study Area

Landslide Umka is located on the right bank of the river

Sava in the crook of the large right meander before its

confluence with Danube (Fig. 1). In that section, the river

bed narrows and the river main stream directly erodes the

right bank. The height difference between the frontal scarp

below the elevation of the Rucka hill (187 m a.s.l.) and the

river Sava (54 m a.s.l.) is 130 m. The total length of the

landslide is approximately 1,450 m and its width is around

900 m. The average inclination of the slope is 9�, apart from
the main scarp zone and numerous minor scarps within the

landslide body where it is steeper (15�–30�), or closer to the

bank where it is much gentler, up to 6�.
Geological setting of the terrain comprisesNeogene—Mio-

cene (Pannonian) greymarls over 200m in thickness. They are

intensively degraded by weathering, so that the thickness of

the weathering crust is in places over 26 m. Quaternary

sediments—loess—is found only in non-displaced sections

of the terrain, outside of the body of the landslide.

Based on the results of geotechnical investigations of the

terrain (1980, 1992, and 2005) and on the results of conven-

tional monitoring during 1992 and 2005, the engineering

geological composition of the terrain has been defined,

with precise dimensions as well as the depth of the sliding

surface (Figs. 2 and 3). The landslide covers the area of

approximately 1.8 km2, and is in the shape of a wide fan,

with a volume of around 14,000,000 m3.

The landslide has been divided into three blocks (A, B,

C), based on all of the investigations conducted to date, and

depending on the depth of the sliding surface, speed of the

displacement and characteristics of the colluvial material

(Fig. 4). During the monitoring in 2005, the deepest sliding

surface was determined in block A, 26 m, while in the blocks

B and C it was between 5 m and 15 m. However, the most

intensive secondary displacement was noted in the B block

in the embankment area.

Fig. 3 Engineering geological cross section km 7 + 987.17 (lower part of landslide), block A

Fig. 4 Zoning of Umka landslide based on sliding mechanism and

dynamics

Fig. 5 Deformation on road M-19
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Urbanisation of the area began during the early twentieth

century, so the Umka landslide is populated with over 500

habitation structures, 80 % of which are damaged. Regional

road M 19 Beograd-Šabac, with a daily traffic volume of

approximately 10,000 vehicles, transects the landslide.

Deformation of the dwellings, as well as the M 19 roadway

(Fig. 5), are noticeable.

Results and Discussion

Umka landslide is an old-fossil landslide whose activity

started during Pleistocene, due to migration of the Sava’s
riverbed and synchronised erosion of the right river bank,

coupled with neo-tectonic activity and accumulation of

material on the left alluvial plateau.

In the geological history of the terrain, a thick crust of

weathered Neogene-Pannonian marls formed during the

Pleistocene, leading to the present situation where the collu-

vial material (weathered brown soft clay marls) are clearly

separate from the bedrock (grey hard marls). As a rule, the

border of the weathering zone is most often the depth of the

deepest sliding surface.

The causes of landslide re-activation are the erosion of

the right bank of the Sava river at the landslide toe, com-

bined with prolonged weathering, followed by uncontrolled

and continuous urbanisation of the landslide area from the

beginning of the twentieth century. Triggers of the intensive

activity phase of the landslide are the cumulative precipita-

tion regime or a sudden thaw, in combination with an

increase or sudden decrease of the river Sava levels.

Analysis of numerous laboratory results of testing of

samples taken from the colluvium, sliding planes and bed-

rock, defined the parameters and their mechanical

characteristics (Table 1).

Data analysis from inclinometer monitoring during 2005,

type and amount of precipitation, temperature regime, obser-

vation of the levels of underground waters in piezometers, as

well as the measuring of the levels of the Sava, indicated that

the intensifying of activity was caused by a sudden increase

in Sava levels and a sudden thaw (30 cm of snow melted

in 24 h), followed by a quick drop in Sava level (Figs. 6, 7

and 8).

After the automated GNSS monitoring in the last 3 years,

a similar pattern was observed, and more intense speed of

the movement was registered when the aforementioned

conditions were present (Abolmasov et al. 2012). During

the dry periods and periods of low water levels of the

Table 1 Shear strength parameters—colluvium, active sliding planes and bedrock (Jelisavac et al. 2006)

Material φr
0(�) Cr

0 (kPa) Ic; w

Sliding planes 7–13 0 Ic � 0.5; w 30–45 %

Colluvium-weathered marly clays 7–22 15–30 Ic 0.5–1.2; w 20–45 %

Bedrock-marls 18–28 50–200 Ic � 1; w � 30 %

Fig. 6 Data plot from inclinometer BI-11 during 2005 monitoring

(block A)

Fig. 7 Average daily precipitation and Sava river level (January–July

2005)

Fig. 8 Average daily temperature and snow amount (January–June

2005)
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Sava, the landslide had a low speed and even a slow-down

(i.e. the landslide was becoming a very slow landslide

instead of a slow landslide). Umka landslide is a typical

slow to very slow landslide, with phases of intensive and

slower movements directly triggered by the precipitation

regime and fluctuation of the Sava levels.

Based on analyses and a series of iterative procedures,

decisions for the design of remedial measures has been made

as follows: to widen the river channel of Sava on the left

bank, to build a parallel protective retaining and training

structure made of crushed stone on the right bank, and to

set the motorway road base on a high embankment (made of

dredged sand) behind the mentioned structure. In addition, it

has been envisioned to carry out the work of drainage,

leveling and afforestation of unstable terrains (Figs. 9 and

10).

Conclusion

Umka landslide is the largest active landslide in Serbia.

During the last 30 years, extensive investigations were

carried out in order to prepare data for designing the

E763 highway which transects the landslide. Analysis of

the investigation results led the conclusion that the land-

slide was formed in the Neogene-Pannonian marls which

are weathered in the superficial layers, placing the deepest

sliding surfaces in the contacts between the weathered-

clayeymarls and “fresh”marls as bedrock. Basic causes of

the landslide emergence are the prolonged erosion of the

right bank of the Sava River in the area of the landslide toe,

as well as the specific morphological and hydrogeological

characteristics of the terrain, i.e. the physical-mechanical

characteristics of the landslide body, sliding surface and

bedrock. Unregulated urbanisation of the landslide area

also had significant influence.

Umka landslide is complex bloc landslide whose

activity intensifies in the periods of saturation by precipi-

tation as well as during sudden changes in the water levels

of the river Sava. The course, direction and speed of

displacement have been analysed based on inclinometer

measurements and automated GNSS monitoring of the

landslide. Based on the results, Umka landslide is classi-

fied as complex, active, slow to very slow landslide.

Suggested remedial measures during the Preliminary

Design phase have emanated from the analysis and syn-

thesis of the results of the investigation conducted during

the last 30 years on the Umka landslide, as well as from

conditions required by the project design of the E763

motorway.
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Shear Strength Recovery of Clayey Soils Following
Discontinuation of Shear at a Residual State

Deepak R. Bhat, Netra P. Bhandary, and Ryuichi Yatabe

Abstract

Residual shear strength is generally used for design and repairs on slopes containing pre-

existing shear surfaces in large-scale landslides. Some recent research works suggest that

the pre-existing shear surface of a large-scale landslide can regain strength with the passage

of time, which should be considered in designing the slope stability measures. In this study,

three landslide soils were tested in a ring shear apparatus with rest periods between shear of

1, 3, 7, 15, and 30 days, with the following main objectives (1) to understand the strength

recovery behavior of landslide soils in residual state of shear after as long as 30 days of rest

between shearing, (2) to understand the comparative pattern of strength recovery in highly

plastic and less plastic soils, and (3) to understand the mechanism involved in strength

recovery at residual state of shear. The obtained experimental results indicate that the

recovery of shear strength in the residual state started to appear slightly after shear was

discontinued for 3 days, and was lost immediately after a very small shear displacement. On

the other hand, as understood from the experimental work in this study, the trend of strength

recovery, is somewhat in increasing order with prolongation of the period that shear is

discontinued.

Keywords

Landslide soils � Residual strength � Strength recovery � Ring shear test

Introduction

Based on the back-analysis of an ancient landslide in cohe-

sive colluvial soil in West Virginia, D’Appolonia et al.

(1967) reported that the mobilized shear strength is greater

than the drained residual strength of the slip surface material.

Direct shear tests on undisturbed specimens containing the

pre-existing shear surface, obtained from shallow portions of

the slip surface, show peak strengths greater than drained

residual strengths. Researchers have suggested that the shear

surface in the cohesive colluvial soil underwent “recovery/
healing”, which caused an increase in shear strength beyond

the drained residual value. Ramiah et al. (1973) investigated

the strength gain in remolded and normally consolidated

kaolinite and bentonite in reversal direct shear tests, using

rest periods of up to 4 days. Ramiah et al. (1973) found that

the strength gain for high plasticity soil (bentonite) is higher,

even with a short rest period. Using the Bromhead (1979)

ring shear apparatus, the shearing occurs at the top of the

specimen, at the soil-to-top bronze porous stone interface.

Angeli et al. (1996) used a Bromhead (1979) ring shear

tests to study the strength gain mechanism in different

clays, including London clay. Tests were performed on

normally consolidated specimens. Angeli et al. (1996,
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2004) concluded that there is an increase in the recovered

shear strength with time during these direct and ring shear

tests. Gibo et al. (2002) used a Bishop et al. (1971) type ring

shear apparatus and concluded that a silt- and sand-

dominated sample recovered its strength; however, the

smectite-dominated sample did not recover its strength.

Stark et al. (2005) presented Bromhead (1979) type ring

shear test laboratory results for two soils of different plastic-

ity for rest periods up to 230 days. Stark et al. (2005)

observed that the magnitude of recovered shear strength

increases with increasing soil plasticity, but the recovered

strength was lost with small shear displacement. Carrubba

and Del Fabbro (2008) conducted Bromhead (1979) ring

shear tests, similar to those performed by Stark et al.

(2005), for rest times of up to 30 days and found more

strength gain in Montona flysch than in Rosazzo flysch.

Nakamura et al. (2010) and Stark and Hussain (2010)

discussed the application of recovered strength in the stabil-

ity analysis of reactivated landslides.

For the design and repair of slopes containing pre-

existing shear surfaces in large-scale landslides, the selec-

tion of shear strength parameters is important (Bhat et al.

2011, 2012, 2013b, d). The basic design principle based on

the lab-determined drained residual shear strength is consis-

tent with the back-calculated drained residual shear strength

for a landslide slip surface. If a preexisting shear surface

recovers its residual strength in a short period of time, that

recovered strength may be used as a remedial measure for

the problematic layer. The recovered strength is greater than

the residual strength, which increases the resisting force.

Thus, the factor of safety increases, which reduces the cost

of remedial measures (Bhat et al. 2013c, 2014). The study of

the strength recovery from a residual state of shear is

extremely important.

The Bishop et al. (1971) type ring shear apparatus is best

suited for investigating the strength recovery in the labora-

tory because the shear is confined and occurs at a soil-to-soil

interface, which may represent the field condition of slip

surfaces under slow-moving large-scale landslides (Bhat

et al. 2013c, 2014). Gibo et al. (2002) used a Bishop et al.

(1971) type ring shear device to first observe the strength

recovery effect on soil samples obtained from two different

reactivated landslides. They concluded that the strength

recovery effect should be considered in the stability

analysis of a reactivated landslide dominated by silt and

sand particles at an effective normal stress of less than

100 kN/m2. However, the use of normally consolidated

specimens and the short test duration (i.e. 2 days) may not

be sufficient to reach this conclusion. The strength recovery

observed for a normally consolidated Xuechengzhen speci-

men (i.e. silt and sand dominate) may have been caused by

the presence of silt or sand particles along the shear surface;

these particles may have penetrated the shear surface or zone

during secondary compression of the ring shear specimen

and provided some additional shear resistance. However,

Gibo et al. (2002) concluded that the Kamenose specimen

(i.e., smectite-dominated) did not exhibit any strength recov-

ery. This result contradicts the findings of Ramiah et al.

(1973), which indicated that bentonitic soils exhibit higher

strength gain. The Xuechengzhen specimen strength gain

may have been more pronounced if Gibo et al. (2002) had

used a longer rest period. The residual shear strength in pre-

existing landslides is more common in overconsolidated

soil, and rest periods longer than 2 days are necessary to

simulate field conditions.

In this study, three clayey soils collected from large-scale

landslide sites in Nepal and Japan are tested using the Bishop

et al. (1971) type ring shear apparatus for rest (discontinued

shear) periods of 1, 3, 7, 15, and 30 days. This paper

describes the ring shear strength recovery laboratory test

procedure and the observed strength recovery behaviors of

three soil samples. The main objectives of this study are as

follows (1) to test the soil strength recovery from the residual

state of shear during the long rest period (i.e. up to 30 days)

by using the Bishop et al. (1971) type ring shear apparatus,

(2) to compare the strength recovery of high plasticity soils

and low plasticity soils, and (3) to understand the strength

recovery mechanisms at the residual state of shear.

Materials and Method

In this study, three landslide soils were obtained from the

large-scale landslide areas in Japan and Nepal. The soil

samples were from the Shikoku and the Toyooka-kita land-

slide areas of Japan, and from the Krishnabhir landslide area

of Nepal. The physical properties of the tested samples are

shown in Table 1. The solid densities of the Shikoku land-

slide and the Krishnabhir landslide samples are higher than

the solid density of the Toyooka-kita landslide (Table 1).

The plasticity index of the Krishnabhir landslide is lower

than the Shikoku landslide and the Toyooka-kita landslide.

The torsional ring shear apparatus (based on the concept

reported by Bishop et al. 1971) was used in this study. In this

apparatus, the specimen container has inner and outer

diameters of approximately 8 cm and 12 cm, respectively,

and an average thickness of 3.2 cm. The specimen is sheared

through a level of 0.7 cm above the base of the lower plate.

The ratio of the outer to inner ring diameters is 1.5. In this

study, all tests are conducted in a drained condition. The

excess pore water pressure is assumed to dissipate and to

have no influence on the normal stress in the drained condi-

tion. Thus, the effect of pore water pressure is negligible.

There are two main steps in the strength recovery test. (1)

The ring shear test: This test is performed to obtain the

residual state of the shear of specimens in the fully saturated
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state. This residual state is confirmed when the shearing has

reached the value of minimum shear, as indicated by con-

stant values for both the load-cell and dial gauge readings

after a large displacement. The specimen is then ready for

the strength recovery test. (2) The strength recovery test:

when the specimen reaches the residual state of shear, the

strength recovery test will begin. In the strength recovery

test, shearing is stopped after the residual state of shear is

achieved, and the specimen is allowed to rest in the ring

shear apparatus. The specimen is subjected to the applied

effective normal stress and the measured residual shear stress

for the duration of the rest period. The shear force applied at

the end of the residual strength test is maintained throughout

the rest period to simulate field conditions because the sliding

mass in the field remains subject to a shear stress after

movement. The motor used to rotate the lower part of the

ring shear specimen container remains engaged and prevents

any reduction in the shear force during the rest period. There-

fore, the specimen remains subject to the residual shear and

normal stress during the rest period. The effective normal

stress applied during the tests is 100 kN/m2.

After a rest period of 1 day, shearing is restarted with a

shear and effective normal stress corresponding to the initial

drained residual condition. The shearing rate of the speci-

men is fixed at 0.16 mm/min (Bhat et al. 2013a), and the

maximum strength after recovery/healing (which may or

may not be greater than the residual value) is measured.

Shearing is continued until the residual state of shear is

achieved again. After the residual state of shear is achieved

again with additional shear displacement, shearing is

stopped and the specimen is allowed to rest under the

imposed shear and effective normal stress for the next rest

period. The recovered shear strength for the other rest

periods, i.e. 3, 7, 15, and 30 days, is measured after repeating

the 1-day rest period procedure.

Results and Discussion

In the strength recovery test, the ring shear test was initially

performed to obtain the residual state of shear. The results of

the ring shear tests and the strength recovery tests are

presented in terms of shear stress variation and specimen

depth with respect to shear displacement. The residual state

of shear is obtained after 10.0 cm of shear displacement in

the initial condition. The ring shear test results indicate that

the peak strength and the residual strength of soil samples

from the Krishnabhir landslide are the highest, followed by

the Shikoku landslide, and then the Toyooka-kita landslide.

However, the difference between the peak strength and the

residual strength of the Krishnabhir landslide is the lowest,

followed by the Shikoku landslide and then the Toyooka-

kita landslide. It is observed that the Krishnabhir landslide is

the strongest and that the Toyooka-kita landslide is the

weakest. The Toyooka-kita landslide and the Shikoku land-

slide demonstrate the high plasticity in the soil’s nature.

Similarly, the Krishnabhir landslide demonstrates a low

plasticity in its soil.

Typical results of ring shear tests and strength recovery

tests of the Krishnabhir landslide are presented in terms of

variation of shear stress and specimen depth with the shear

Table 1 Physical properties of tested samples

Sample type Solid density Plasticity index (%)

Grain size classification (%)

Clay Silt Sand

Krishna-bhir landslide 2.74 13.41 21.0 59.7 19.3

Shikoku landslide 2.75 16.26 20.0 68.1 11.9

Toyooka-kita landslide 2.65 37.50 24.0 55.1 20.9

Fig. 1 Typical results of ring shear tests and strength recovery tests (on

Krishnabhir landslide)
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displacement (Fig. 1). The value of the residual friction

angle (ϕr) and the difference between the drained recovered

friction angle (ϕRec) and residual friction angle (ϕr) (i.e.,

increase in the frictional angle, Δϕr ¼ ϕRec � ϕr) of the

Krishnabhir, Shikoku, and the Toyooka-kita landslide soils

are summarized in Table 2. For identical rest periods, the

friction angle increase is slightly greater in the case of the

Toyooka-kita landslide, followed by the Shikoku landslide

and then the Krishnabhir landslide (Table 2). There are no

frictional angle increases for the 3 days rest periods, but the

frictional angles increase by only one degree or so for the

rest periods of 30 days.

The shear displacement during the strength recovery test

results are summarized in Table 3. The peak strength (i.e.

51.09 kN/m2) was obtained after the initial shear displace-

ment of 5.83 mm in the case of the Krishnabhir landslide.

After the rest period of 1-day, the maximum value of the

shear strength was identical to the residual strength (i.e.

44.86 kN/m2). Thus, the recovered strength was not

observed after the 1-day rest period. After the 3 days rest

period, the maximum shear strength value of 44.98 kN/m2

was achieved, after the shear displacement of 0.48 mm,

which was slightly greater than the residual strength. Simi-

larly, little increase in shear strength from the residual shear

strength was recorded (Table 2) after the small shear

displacements of 0.73 mm, 0.73 mm, and 0.97 mm for the

rest periods of 7, 15, and 30 days, respectively (Table 3). The

small increase in shear strength from the residual shear

strength indicates that the shear strength was recovered

from the residual state of shear after the 3 days rest periods,

but the shear displacement up to the recovered strength was

small compared to the initial shear displacement (i.e.

5.83 mm) up to the peak strength (Table 3). The recovered

strength was lost after shear displacements of 0.73 mm and

0.97 mm for the 15 days rest period in the case of the

Krishnabhir landslide and the Shikoku landslide, but the

shear displacement in which the recovered strength was

lost was slightly greater (i.e. 1.46 mm) for the Toyooka-

kita landslide (Table 3). At the rest period of 30 days, the

recovered strength was lost after the 1.46 mm of shear

displacement in the case of the Shikoku and Toyooka-kita

landslides. The recovered strength of the Krishnabhir land-

slide reached a residual state of shear after a small shear

displacement compared with the other landslides (Table 3).

The test results indicate that the measured recovered

strength (τRec) up to the rest time of 3 days is negligible

(Table 2). After a rest time of 3 days, there was a minimal

increase in the strength from the residual state of shear with

respect to the increase in rest time (Table 2). The value of

recovered strength is small and may not be used for back

analysis of the reactivated landslides; relying on such recov-

ered strength was judged to be unrealistic for design

purposes. The recovered strength is not expected to exceed

the critical state (i.e. fully softened shear strength) in the

laboratory or field because of the presence of a pre-existing

shear surface and the alignment of clay particles along the

shear surface parallel to the direction of shear. If the strength

recovery test will be conducted for a long rest period, the

value of the frictional angle may increase up to the critical

state. However, the experimental results indicated that the

recovered strength of the residual state of shear gradually

started to appear after a shear rest period of 3 days and was

lost immediately after a small shear displacement. Hence,

the use of a recovered strength for the design and repair of

slopes containing pre-existing shear surfaces is not

recommended in this study. However, the strength recovery

phenomenon may be useful to understand the creeping

behaviors of landslides or slope stability prior to reactivation

as suggested by D’Appolonia et al. (1967). Therefore,

Skempton’s method (1964, 1985) should still be followed

for remediation of reactivated landslides and for comparison

with back-calculated shear strength parameters.

The ratio between the recovered shear strength and the

initial residual shear strength as a function of rest time is

shown in Fig. 2. The strength ratio of the Toyooka-kita

landslide is the highest, followed by the Shikoku landslide

Table 2 Summary of strength recovery in terms of internal frictional angles

Sample type

Residual frictional angles Increase in internal frictional angles (deg) (Δϕr ¼ ϕRec � ϕr)

(ϕr, deg) 1 Day 3 Days 7 Days 15 Days 30 Days

Krishnabhir landslide 24.50 0.00 0.13 0.40 0.96 1.33

Shikoku landslide 13.82 0.00 0.25 0.49 1.14 1.65

Toyooka-kita landslide 5.16 0.00 0.38 0.65 1.25 1.96

Table 3 Summary of shear displacements during strength recovery tests

Sample type

Shear displacement upon recovered strength (mm)

Initial 1 Day 3 Days 7 Days 15 Days 30 Days

Krishnabhir landslide 5.83 0.00 0.48 0.73 0.73 0.97

Shikoku landslide 4.37 0.00 0.48 0.73 0.97 1.46

Toyooka-kita landslide 2.43 0.00 0.73 0.97 1.46 1.46
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and then the Krishnabhir landslide (Fig. 2). The strength

ratio versus rest time curves of the Krishnabhir, the Shikoku,

and the Toyooka-kita landslides are approximately equal,

but the strength ratio value of the Toyooka-kita landslide is

slightly greater than for the Shikoku and the Krishnabhir

landslides (Fig. 2). For example, the strength ratio values at

rest times of 15 days for the Krishnabhir, the Shikoku, and

the Toyooka-kita landslides were found to be 1.03, 1.08, and

1.12, respectively. The differences between the peak

strength and the residual strength of the Krishnabhir, the

Shikoku, and the Toyooka-kita landslides were 6.30 kN/

m2, 19.57 kN/m2, and 32.19 kN/m2, respectively. The

Toyooka-kita landslide demonstrates a highly plastic soil

nature compared with the Shikoku and the Krishnabhir

landslides. From Fig. 2, it can be concluded that the soil

with the smaller difference between the peak strength and

the residual strength shows a lower value of recovered

strength when compared with the soil with a larger differ-

ence between the peak strength and the residual strength.

Thus, the recovered strength from the residual state of shear

will be higher in high plasticity soils when compared with

low plasticity soils.

Although some researchers have recognized that strength

recovery above the residual value occurs over time, the

actual mechanisms that cause this phenomenon remain

unknown. However, a few hypotheses are proposed for the

mechanisms of strength recovery. Primary and secondary

compression has a role in strength recovery (Gibo et al.

2002). Under the application of normal stress, secondary

compression will occur even if no significant primary con-

solidation occurs (Mesri and Castro 1987). In secondary

compression, the strength will increase due to decrease in

void ratio, micro-interlocking, and inter-particle contacts

(Schmertmann 1991). If so, at a higher effective normal

stresses, the amount of secondary compression should be

greater than at lower effective normal stress and the strength

recovery should be higher at higher effective normal

stresses. However, Stark and Hussain (2010) reported that

strength recovery is minimal at a low effective stress of less

than 100 kN/m2 and that the strength recovery effect is

negligible at an effective stress greater than 100 kN/m2.

These results suggest that the effect of primary and second-

ary compression of the slip surface soil on strength recovery

may not be considerable. In an overconsolidated specimen,

the magnitude of secondary compression will be reduced

during the rest period; thus, the strength recovery may not

be the cause of primary and secondary compression.

A smooth, shiny slickensided surface exhibits more van

der Waals attraction than the rough particle surfaces

(Czarnecki and Dabros 1980). It is assumed that oriented

clay particles with smooth platy and shiny surfaces have

greater van der Waals attraction than randomly arranged

clay particles. Thus, the strength recovery mechanism may

be the cause of van der Waals attraction between soil

particles. Mitchell and Soga (2005) reported that clay

particles absorb cations under the given environmental

conditions (pressure, temperature, chemical and biological

composition of the water). The net negative charge on the

surface of soil particles is neutralized by cations in water

(Terzaghi et al. 1996). The exchange reaction generally

depends upon the electrovalence of the cations and the

relative concentration of cations in the water. The physical

and physicochemical properties of the soil may be changed

during the exchange reaction, but the clay particle structures

are not ordinarily affected (Mitchell and Soga 2005). The

strength recovery along the failure surface may also be the

cause of cation exchange. Most soils contain cementing

agents, such as free carbonates, iron oxides, alumina, and

organic matter, which may precipitate at inter-particle

contacts (Mitchell and Soga 2005). Cementation may be a

strength recovery mechanism of an ancient landslide

(D’Appolonia et al. 1967). For the cementation process to

occur, sufficient time would be required, hence the remolded

specimen in the laboratory may not have experienced

cementation because of insufficient time. The bond formed

by cementation tends to be brittle and can be destroyed by a

small shear displacement. External agents (i.e. admixture)

would thus be required for cementation to occur; however,

cementing agents were not added during this test. Moreover,

all test conditions, e.g. application of effective normal stress,

room temperature, etc., were kept constant during the

experiments. Hence, the recovery of strength in this study

may not be a result of cementation.

Conclusions

In this study, three soil samples collected from three

different large-scale landslides in Nepal and Japan were

tested using the Bishop et al. (1971) type ring shear

apparatus. The test rest periods were 1, 3, 7, 15, and 30

days. The main findings of this study are summarized

below:

Fig. 2 Strength ratio versus rest time
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1. Soil strength recovery at an effective normal stress of

100 kN/m2 in a torsional ring shear test was minimal

after a rest period of 3 days.

2. The present study re-establishes that the strength

recovery from the residual value would be greater in

high plasticity soils, with a large difference between

the peak strength and the residual strength, than in low

plasticity soils at an effective normal stress of 100 kN/

m2. However, the strength recovery was lost after the

specimen undergoes a small shear displacement.

3. Strength recovery from the residual state of shear may

be the result of rebounding or reorienting of clay

particles that are already oriented parallel to the direc-

tion of shear. However, the reason why the residual

strength increases with the increase in duration of

discontinued shear needs further investigation.
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Landslides on a Cretaceous Fluvial Sediment

Peter Redshaw, Max Barton, and Caroline Stuiver

Abstract

This paper reviews the landslides developed in the coastal outcrop of the Wessex Forma-

tion, Isle of Wight, UK. TheWessex Formation (Lower Cretaceous) is the product of fluvial

deposition on a distal plain meander belt. The outcrop stretches for approximately 7 km and

lies on the northern flank of the asymmetric Brighstone Anticline axis.

The Wessex Formation has a varied lithology, ranging from massive red mudstones, to

variously coloured mudstones with pseudo-anticlines, thin extensive splay sandstones, sand

and pebble point bars, and some plant debris beds.

The coastal landslides are typically large isolated rock falls from thick channel sand-

stone units or mudslides within mudstone units. The Roughlands Landslide is the only

current example of an active compound coastal landslide, comprising a series of degrading

slumped blocks moving seaward above a persistent and slickensided basal shear surface.

This poses the problem as to how a large complex landslide can be accommodated in a

fluvial formation which, unlike marine sediments, is without well-formed bedding planes

able to provide the basal translational shear plane associated with compound slides.

Whilst landslides continue to form a major feature on the southwest coast of the Isle of

Wight, the longevity of each slide is likely to be short-lived; a trait illustrated by a small but

significant ‘disappearing landslide’ towards the northwest edge of the outcrop.

Keywords

Cretaceous � Fluvial � Mudslide � Shear-surface

Location

The Isle of Wight sits just offshore from the southern coast-

line of mainland United Kingdom (Fig. 1) and has been the

focus of many key studies into the mechanics and recogni-

tion of coastal landslides (perhaps the most well-known of

these incorporated into the area known as The Undercliff,

near Ventnor).

Geology

The Cretaceous (Barremian) Wessex Fm. represents the

oldest of the strata seen on the Isle of Wight. Of a total

estimated thickness of 580 m only the top ~ 150 m are

exposed on the SW coastline, brought to exposure in the

centre of the Brighstone Anticline (Hopson 2011).

The result of fluvial deposition on a frequently flooded

meander-plain, the Wessex Formation consists of mudstones

(clays and silty clays), sandstones and interbeds of the two,

organized into complex bedforms of lens, channel and sheet-

shaped units. Whilst many sub-horizontal (stratigraphically)

erosional or gradational contacts between units can be seen,

the term ‘bedding’ or ‘bedding plane’ may be misleading.

Where it is the norm when examining coastal exposures in
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marine deposits to log cliff stratigraphy and extrapolate back

into the cliff based upon dip to solve engineering problems,

such an approach is not feasible within the Wessex Fm

(J. Radley, personal communication, 24.07.2012). ‘Bedding
planes’ are sub-horizontal at best and in some cases persist

for very short distances before truncation by the non-

horizontal erosion surface of a separate mudstone or sand-

stone unit (with the exception of the plant debris clay beds).
Existing literature sub-divides the Wessex Fm. according

to palaeoenvironment. While many early studies offered

conflicting accounts (no doubt arising from the often confus-

ing stratigraphy of ancient fluvial systems), clarity was first

offered by Stewart (1978). Stewart’s account offers sub-

divisions such as ‘overbank mudstones’, ‘channel
sandstones’, ‘abandoned channel sandstones’ and ‘flash-
flood plant debris beds’. These form the basis of the

simplified sub-division to be used by this study (Redshaw

et al. 2013).

Varicoloured Mottled Mudstones

The mudstones (clays and silty clays) of the Wessex Fm. are

the result of overbank sedimentation from a meandering

river channel (Radley and Allen 2012). Post-depositional

pedogenesis and sub-aerial weathering generates spectacular

blue, green, grey, purple, red and yellow mottles which

reflect subtle changes in geochemistry.

Geotechnically the clays are stiff, with low void ratios

resulting from consolidation to an estimated pre-

consolidation pressure of 10.2–11.9 MPa. Curiously, the

varicoloured clays exhibit a low plasticity index

(PI ¼ 14.4 %, PL ¼ 20.8 %, LL ¼ 35.2 %) and a low clay

fraction when determined by the pipette method (34.0 %),

the hydrometer method (45.0 %) and by laser diffraction

(26.4 %), yet residual shear strength testing using a

Bromhead-type apparatus (Bromhead 1979) reveals low

shear strengths which are typically associated with high

plasticity, high clay fraction soils (Fig. 2). This issue is

readily resolved with reference to clay particle aggregation;

the process by which clay minerals are rolled together to

form silt-sized particles (Bell 1981). During shearing, and as

part of the process of clay mineral re-alignment, these clay

aggregates are mechanically broken down to reach a low

residual shear strength.

Plant Debris Clay Beds

The plant debris beds of the Wessex Fm. are flash flood

deposits, representing periods of widespread flood water

inundation onto the Cretaceous meander-plain (Insole and

Hutt 1994). As the flood-waters spread across the meander-

plain they filled hollows (creating what are seen today as

0.5–3 m thick dark greenish grey clay deposits—type 1) and

formed widespread interconnecting sheets (which are seen

today as thinner, debris-starved, dark greenish grey clay

units—type 2) (Stewart 1978).

Whilst the residual shear strength of the plant debris beds

is similar to that of the varicoloured mottled mudstones

(Fig. 2), Plasticity Index (PI), Plastic Limit (PL) and Liquid

Limit (LL) are increased (17.9 %, 21.0 % and 38.9 %,

respectively), although how much this is a function of aggre-

gation remains to be investigated. Estimates of clay fraction

are also in reasonable agreement with those of the

varicoloured mottled mudstones (23.1 % by laser diffraction

method—pipette and hydrometer methods not tested).

Sandstones

The sandstone facies of the Wessex Fm. represent

meandering Cretaceous river-channels, the best example of

which being the Sudmoor Sandstone between Sudmoor

Fig. 1 Isle of Wight location map

Fig. 2 Residual shear strength behaviour of Wessex Fm. clay facies

(n ¼ number of tests conducted)
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Point and Chilton Chine (Figs. 3 and 4). The units are

typically formed of multiple lateral accretions of fine- to

medium-grained, inter-locked and lightly cemented sand-

stone, typically with an erosional base, often marked by a

thin (<0.5 m thick) conglomerate (Stewart 1978).

Thin interbeds of (commonly red) mudstone and fine

sandstone are infrequently encountered, although are of far

too limited exposure to be considered relevant to the engi-

neering behaviour of the wider formation. Insole and Hutt

(1994), estimate that interbedded mudstones and sandstones

comprise <5 % of the total exposure.

Overlying Drift Deposits

Quaternary age sands, gravels and brickearth overlie the

Wessex Fm. (Hopson 2011). Seepage erosion from the

groundwater outflow at the base of the brickearth leads to

much small scale slumping of the cliff top.

Landslides on the Wessex Formation

Compound Landsliding

Recognition: The only example of an active compound land-

slide seen within the Wessex Fm. is the Roughlands Land-

slide Complex. This is situated centrally within the outcrop

(Fig. 4) and is formed of a series of rapidly degrading

slumped blocks moving seawards along what is presumed

to be a compound shear surface. The complex incorporates a

600–800 m stretch of coastline with a maximum toe to rear

scarp distance of 150 m and reaching a maximum elevation

of about 28 m OD. As yet no boreholes have been drilled to

determine the form of the bounding shear surface. The only

aspect of the latter is seen fronting the eastern side of the

landslide, where a persistent and active basal shear surface

formed in the mudstone and surmounted by colluvium,

outcrops near the top of a 5 to 7 m high cliff at the back of

the beach (Fig. 3). This forms a nearly level surface

extending for about 200 m before descending in an arcuate

curve towards the central area where it becomes covered by

colluvium.

Mechanics: In marine sediments, basal shear surfaces are

characteristically formed along bedding planes with a low

shearing resistance, referred to as slide-prone horizons by

Bromhead (2013). Since the Wessex Fm. is a fluvial sedi-

ment without regular well-formed bedding planes in the

central part of the outcrop, the problem arises as to what

has led to the development of the surface seen in the cliff

below the Roughlands Landslide. It does not appear to be the

simple result of cliff failure, since the intact mudstone is a

strong material and will be subject to more intense shear

stress at the base of the Barnes High cliffs, which are much

higher than the back scarp at Roughlands (Fig. 4) and where

there is no sign of either compound landsliding or exposure

of an active shear surface. Two possibilities present them-

selves for the solution of this problem.

(i) The plant debris beds which were formed by large scale

flooding are described by Stewart (1978) as including

widespread sheets (type 2) which connect up the more

localised deposits filling up the channels and small

hollows (type 1). The widespread sheets would provide

the only laterally extensive and persistent bedding fea-

ture within the mudstones at the centre of the Wessex

Fm. outcrop that could feasibly be re-used to guide a

modern shear surface. The cliff line provides only a

cross section of the original Barremian flood plain, so

direct evidence for the widespread flood deposit is not

available, but in view of the conditions known to have

existed (Radley and Allen 2012) such deposits seem

very probable. Active shearing beneath the Roughlands

Landslide would readily remove weak materials so, as

with slide prone horizons in general, evidence for the

material originally present just above the shear surface

is no longer evident.

(ii) An alternative possibility is the presence of original

slope failure surfaces such as may have originated dur-

ing the cutting of channels; most likely steep-sided,

during flood events, across the Barremian flood plain.

The existence of deep and wide channels is

demonstrated by the existence of the point bars that

make up the Sudmoor sandstone (Stewart 1978 having

enumerated seven such units at Sudmoor Point). Slope

failures in modern river valleys, such as the Mississippi,

are a well-known phenomenon of engineering signifi-

cance. Channel bank failures which occurred during the

formation of Pennsylvanian deltas have been found dur-

ing modern open-cast coal extraction (Laury 1971) so it

is well within the bounds of probability that such feature

Fig. 3 Persistent and active shear surface underlying the Roughlands

Landslide. (a) colluvium, (b) shear surface, (c) in situ varicoloured

mottled mudstones, (d) accumulated talus cone of colluvium
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developed in ancient fluvial meander plains could be

preserved and exhumed during modern slope instability.

The development of clay orientation as a result of

ancient shearing as a mechanism by which slide-prone

horizons become residual strength surfaces, is implicit

in Hutchinson’s (1988) study of flexural slip.

Mudslides

Recognition: Lobate mudslides in the typical form as shown

and defined by Hutchinson (1988) are characteristically

associated with the Wessex Fm. mudstones (Fig. 4). They

are well seen as secondary features leading to the degrada-

tion of the Roughlands Landslide, with the mudslide tongues

extending from the rear of the slide down to the beach. Large

examples of lobate mudslides are seen forming a lower

bench within the Wessex Fm. below the Barnes High cliff.

Mudslides are also generated by the modern weathering of

the mudstones exposed in high level benches developed

above the sandstone units and move seaward either through

narrow channels or else move in periodic slumps over the

sandstone scarp faces. Mudslide tongues which fall over the

lower steep cliff at the back of the beach are quickly

eliminated by the high rate of wave erosion, the beach

volumes being insufficient to protect either mudslide or

talus for any length of time.

Mechanics: Observation of the mudslide morphology

indicates that these are true slides with bounding lateral

and basal shear surfaces. Their high water content is

generated by inflow from surface water, outflow of ground-

water from the Quaternary terrace sands and gravels and also

from the sandstone units were present. Rockfalls onto the

mudslides from steep scarp faces, particularly in the case of

Fig. 4 Landslides of the Wessex Fm. as viewed in cliff section (modified from Insole et al. 1998; Stuiver 2010)
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the Barnes High cliff, will generate the phenomenon of

undrained loading (Hutchinson and Bhandari 1971). A mon-

itoring programme to determine the rates of movement of

both the mudslides and the slump blocks with the

Roughlands Landslide is currently underway and has

shown that the mudslides are actively moving even during

the dry summer of 2013.

Rockfalls

Recognition: The Sudmoor Sandstone is the main source of

rockfalls from within the Wessex Fm (Figs. 4 and 5). These

usually consist of a number of larger (~1 m3) blocks

surrounded by increasingly smaller sandstone debris

forming a talus cone at the base of the sub-vertical cliff

(which reaches 15–20 m in places) (Fig. 5). Large volumes

of sand (not sandstone) often accompany the larger blocks—

an indication of the weakly cemented nature of the unit.

Mechanics: Rockfalls from the sandstone units of the

Wessex Fm. develop along persistent and often dilated

joint sets. In stark comparison to the surrounding low-

permeability clays, the sandstone units offer a preferential

path for groundwater flow (as indicated by abundant vegeta-

tion growth at the sandstone-clay boundary, Fig. 5), encour-

aging the washing-out of fines leading to a loss of strength

and subsequent failure. Being weakly cemented, the sand-

stone units are particularly susceptible to mechanical

weathering. Where overlying clays slip over the sandstones,

the top edge of the sandstone becomes exposed. This

increases both the overturning (seaward) moment and the

tendency for cracks to develop and subsequently be

exploited by rainwater infiltration and frost shattering.

Clays underlying large sandstone bodies are particularly

prone to marine erosion (and hence undercutting of the

sandstone) between Sudmoor Point and Chilton Chine

(Jenkins et al. 2011).

Previous Landsliding

Recognition: The OS map for 1866 in the north western part

of the outcrop shows a concave re-entrant in the cliff line

with an extensive area on the seaward side of what appears

to be a compound landslide (Fig. 6). Study of subsequent

revisions of the historical maps shows that this presumed

landslide gradually disappeared; the modern map shows that

the cliff now conforms to the characteristic shape with a

steep profile between beach and cliff top. The evidence

indicates that a former compound landslide has effectively

been removed by subsequent cliff recession (Stuiver 2010).

At the site of this disappearing landslide, the dip has steep-

ened to about 20�. With a coastal recession rate of approxi-

mately 0.5 m/year, combined with the steepness of the dip,

indicates that whatever feature was responsible for the com-

pound sliding at this location was effectively removed by

coastal erosion during the late nineteenth and twentieth

centuries.

Mechanics: The highest part of the Wessex Fm. (north-

west from Hanover Point and south east of Marsh Chine,

Fig. 4) shows a more regular stratigraphy, with varicoloured

mottled mudstone units dissected by sandstones (White

1921); the result of increased dip imposed upon the

extremities of the outcrop by the Brighstone Anticline.

Fig. 5 Rockfall from the Sudmoor Sandstone between Sudmoor Point

and Chilton Chine: (a) Quaternary sands and gravels, (b) Wessex Fm.

mudstones, (c) Wessex Fm. sandstones (Sudmoor Sandstone), (d) large

boulders of sandstone, (e) rockfall debris, (f) vegetation indicating

excessive seepage

Fig. 6 Historical development of the disappearing landslide between

Small Chine and the Compton Farm Landslides (Stuiver 2010)
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With sandstone overlying mudstone this raises the possibil-

ity of seepage erosion which would aid shear failure along

bedding features during slope failure. In the northwest area,

at the site of the disappearing landslide, there is also the

possibility of flexural slip along bedding features being

induced by the high stresses associated with the monoclinal

folding of the Isle of Wight. Sliding along bedding was

reported for a site adjacent to Shippards Chine (Fig. 4) by

Bromhead et al. (2002) and Rust and Gardener (2002) from

an exposure visible in the cliff face at the time of their

investigations. No evidence of these features is visible at

the present time, the rate of recession having set back the

cliff line by over 5 m since these observations were made.

Thus in these areas, the form of landsliding may be more

akin to the forms seen in other types of sediment, but without

the abundance of slide-prone bedding planes which charac-

terise marine sediments and can promote long-term contin-

ual landsliding.

Conclusions

The Wessex Fm. is of fluvial origin, being deposited in a

distal meander belt floodplain. The central section of the

outcrop (the oldest part of the formation) provides evi-

dence of its origin in the form of massive red mudstones

with indeterminate bedding, included mottled sections

resulting from past pedological processes, large sand-

stone point bars and plant debris beds arising from flash

flooding. A large compound landslide, the Roughlands

Landslide, has developed in this central part of the out-

crop but the relation of its bounding shear surface to the

sedimentary characteristics of the containing sediment

remains to be investigated. It is a major puzzle that

requires a comprehensive subsurface drilling programme

to solve.

The higher parts of the formation show more regular

stratification but still without the frequent slide prone

bedding planes that characterise marine sediments.

There is however evidence that landsliding within the

Wessex Fm. has previously taken place in these areas,

but with the current high rate of recession, traces of shear

surfaces and other lines of evidence are rapidly lost to

marine erosion.
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Prediction Method of the Onset of Landslides Based
on the Stress-Dilatancy Relation Against Shallow
Landslides

Katsuo Sasahara, Kazuya Itoh, and Naoki Sakai

Abstract

The combination of the monitoring of the surface displacement and the creep theory

(strain–time relation) of a soil is adopted in practice to predict the time of onset of a

shallow landslide. This method sometimes cannot make good prediction because the creep

theory cannot treat the change of stress in the slope. Some variant should be necessary for

indicating the stress state. The utility of the ratio of the increase of the compression strain to

the increase of the shear strain (strain increment ratio) in the slope and the ratio of the

increase of the vertical displacement to the increase of the surface displacement (displace-

ment increment ratio) as the stress parameter were examined in this paper based on analysis

of the monitoring data of the deformation of the sandy model slope. As results, the strain

increment ratio and the displacement increment ratio at deeper soil layer approaches toward

zero with the increase of the shear strain or the surface displacement. It means the soil layer

approaches the critical (failure) state. These facts show that the strain increment ratio and

the displacement increment ratio can express instability of the slope.

Keywords

Shallow landslide � Early warning � Shear strain � Compression strain � Dilatancy

Introduction

Existing methods for the early warning against rainfall-

induced landslides is divided into two kinds. The first is a

rainfall threshold (Caine 1980) which is for the time predic-

tion of landslides at an area while the latter is monitoring of

soil water or deformation of a slope for a prediction at a

specific slope. Only the latter can treat the characteristics of

a slope such as geometry, rainfall infiltration characteristics,

and mechanical characteristics of the slope.

The sediment-related disaster prevention law (MLIT

Japan 2001) was enacted at 2001 in Japan. A sediment-

related disaster hazard area should be designated by prefec-

tural governors based on the basic survey. It is defined as the

area vulnerable to sediment-related disasters. A warning and

evacuation system should be established by municipal

governors in the area according to the law. The monitoring

of the soil water or the deformation of a slope can be an

effective tool for the system.

Basic Concept of Proposed Time Prediction
Method

Time prediction methods based on the monitoring of the

displacement of a slope have been proposed and been

already in practice. Those are usually empirical equations

which express the relationship between an elapsed time and

a displacement of a slope and express a time-dependent
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relationship (time–strain relationship) of the deformation of

the soil. The time-dependent relationship between an

elapsed time and a displacement of the soil is called

‘creep’ and has been recognized as Fig. 1.

Fukuzono equation (Fukuzono 1985) is one of the most

famous one based on the creep theory as below.

d2x

dt2
¼ a

dx

dt

� �α

ð1Þ

Here, x: surface displacement, t: elapsed time, a and α:
constants. After the integration of (1); (2), (3), (4) can be

derived as follows:

0 < α < 1 :
dx

dt
¼ a 1� αð Þf g 1

1�α t1 þ tð Þ 1
1�α ð2Þ

α ¼ 1 :
dα

dt
exp a t2 þ tð Þf g ð3Þ

α > 1 :
dx

dt
¼ a α� 1ð Þf g 1

1�α tr � tð Þ 1
1�α ð4Þ

Here, t1, t2, and tr: constants for integration. These

equations can well simulate the accelerated velocity at the

tertiary creep stage (Fig. 1) in some cases. While it failed to

predict the time in other cases. The reason for the unsuccess-

ful cases might be the change in the stress condition in the

slope due to the change of the rainfall intensity or the slope

geometry due to a cutting work or a filling work. The

formula cannot describe the deformation due to the change

in the stress condition because it only describes the

time–strain relation under constant stress conditions in the

soil. The stress-strain relation is necessary to describe the

change in the stress conditions.

The strain increment ratio which is the relation of the

normal strain increment to the shear strain increment (dilat-

ancy) under direct shear condition might be able to be the

indicator of the stress in the slope. It is widely recognized

that the strain increment ratio is linear to the stress ratio (the

ratio of the shear stress to the normal stress) under direct

shear condition (Fig. 2). In the case of loose sandy slope,

normal strain increases at first and then remains constant

with the increase of the shear strain. The ratio of the normal

strain increment to the shear strain increment decreases

toward zero with the shear strain increase. The normal strain

increment reaches zero just before the failure and this is

called as the critical state. In this research, the relation

between the shear strain and the normal strain in the sandy

model slope under artificial rainfall is examined to prove that

the relation can be applied to the time prediction of the onset

of the rainfall-triggered landslide.

Methodology

Model Slope and Experimental Equipments

Figure 3 shows the longitudinal section of the model slope

and the location of the monitoring devices. The scale in the

vertical direction is 2.9 times that in the horizontal direction
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Fig. 1 Creep curve of the soil

Fig. 2 Shear strain–normal strain of loose sand under direct shear. (a)

Shear strain–normal strain, (b) Strain increment ratio–stress ratio
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in Fig. 3. The model is 300 cm in length, 150 cm in width,

and 50 cm in depth in the gravitational direction at the

horizontal section and 600 cm in length, 150 cm in width,

and 57.7 cm in depth at the slope section with an inclination

of 30�. The model is composed of granite soil (D50 ¼ 1.3

mm, UC ¼ 22.23 , FC ¼ 13.2 %) and was made in a steel

flume with vertical blades of 1 cm in height at every 50 cm in

the longitudinal direction at the base of the slope to prevent

slippage between the base of the model and the flume. The

surface of the slope is parallel to the base of the slope. The

inclination and the thickness of the model slope are deter-

mined based on the fact that most rainfall-induced landslides

at the topsoil layer occur on slopes of 30–50� that are

0.5–1.5 m thick in Japan (Osanai et al. 2009). The soil is

compacted horizontally by human stamping at every 20 cm

to construct the model slope. The void ratio ranged from

0.65 to 0.68, and the water content of the soil layer was

3.7–4.4 %. The base and upper boundary of the flume were

in an undrained condition, while the lower boundary was in a

drained condition. It is just like the structure of the slope

layers with the top soil layer on the impermeable base rock.

The shear strain in the slope was measured by a shear strain

gauge, which is a series of tilt meters located vertically every

9.2 cm in depth. The shear strain is defined at the depth of the

center of each tilt meter. The shear strain increment at a

depth Δγ is defined as tan(Δθ), while Δθ is the inclination

increment of the tilt meter (Fig. 4). The tilt meters used for

the shear strain gauges have a non-linearity of 0.2�, which
corresponds to a value of 0.0035 for Δγ. The compression

strain at a depth was measured by two vertical displacement

gauges and defined as shown in Fig. 5 at the depth Z1.5, which
is a midpoint between depth Z1 and depth Z2. The vertical

displacement gauge is composed of a steel plate that can

move with the soil and a linear displacement gauge with an

accuracy of 0.2 mm. The vertical displacement of the surface

is also measured by the samemethod. The compression strain

was regarded as the normal strain to the slip surface in this

Fig. 3 Geometry of the model slope and the arrangement of the

measurement devices

Fig. 4 The definition of shear strain

Depth Z1 cm

Depth Z2 cmSubsidence ΔZ1 cm

Subsidence ΔZ2 cm

Compression strain εcomp.. = (ΔZ1 – ΔZ2) / (Z2 – Z1)

Fig. 5 The definition of compression strain
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research. The surface displacement was defined as the dis-

tance between the upper boundary of the flume and the

moving pole at the surface of the slope. The surface displace-

ment was measured by an extensometer with a non-linearity

of approximately 0.1 mm which was fixed at the upper

boundary of the flume. The groundwater level (hereafter,

G.W.L.) at the base of the slope was measured by a water

level gauge with an accuracy of 1 cmH2O. A tensiometer and

a soil moisture sensor are installed for the measurement of a

suction and a volumetric water content.

Experimental Conditions

To simulate the actual soil–water condition in a natural slope

which has experienced many rainfalls, three pre-rainfall

events were conducted before the main rainfall event. The

pre-rainfall events had the rainfall intensity of 15–30 mm/

h and the duration of 100–180 min. The main rainfall had the

intensity of 30 mm/h and continued until the onset of the

failure of the model slope. The duration of the main rainfall

is 240 min. The time interval between each pre-rainfall was

3 days and the interval between the last pre-rainfall and the

main rainfall was 9 days. Rainfall intensity was determined

on the consideration that the rainfall-induced landslide

occurs at the rainfall with the rainfall intensity of more

than 30 mm/h in Japan (Osanai et al. 2009). The deformation

was video-recorded from the lateral side of the model slope,

and no slip on the base of the flume could be observed.

Experimental Results

Figure 6 shows time variation of the surface displacement,

the vertical displacement at the surface of the slope, and the

groundwater level at the base of the model slope. The

groundwater level at 450 cm is zero throughout the experi-

ment; therefore, it is not shown in Fig. 6. The surface

displacement at 150 cm and 300 cm shows accelerative

increases from 12,000 s. A remarkable increase in the sur-

face displacement at 450 cm starts from 13,000 s, which is

slightly later than the increases at 150 cm and 300 cm. The

vertical displacements at 300 cm, 150 cm, and 450 cm

increase remarkably from 11,000 to 13,000 s. The ground-

water level at 150 cm and 300 cm increases significantly

from 11,000�13,000 s when the surface and vertical

displacements start to increase significantly. These facts

suggests that the surface and vertical displacements increase

significantly with the generation of pore pressure at the base

at the section between 150 cm and 300 cm while they

increase without the generation of pore pressure at 450 cm.

Figure 7 shows the time variation of the shear strain and the

compression strain in the model slope. The shear strain at each

depth is small until 12,000 s and then it shows an accelerated

increase. The negative value at 13.8 cm may be due to the

reaction of the tilt meter at this depth against the large move-

ment of the tilt meters at higher or lower locations. The

compression strain above 25 cm in depth is negative which

indicates swelling, while the compression strain below 25 cm

in depth is positive which indicates compression. The compres-

sion strain at each depth is also small before 12,000 s and then

it shows significant increases. The time of the start of the large

increase of the shear and compression strain is almost same

with that of the generation of the G.W.L. according to Fig. 6.

Fig. 6 Time variation of the surface displacement, the vertical dis-

placement and the groundwater level at different distances from the toe

of the model slope
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Discussion

The Relation Between the Shear Strain
and the Compression Strain

Now the relationship between the shear strain and the com-

pression strain in the model slope is examined to make con-

firm the stress-strain relation and the dilatancy characteristics

of the soil in the model slope. Figure 8 shows the relationship

between the shear strain and the compression strain at differ-

ent depth in the model slope. The compression strains at

32.2 cm, 41.4 cm, and 50.6 cm are positive (compressive)

throughout the experiment while those at 13.8 cm and 23 cm

are positive (compressive) at first and then become negative

(dilative). It suggests that the deeper soil layer is more com-

pressive. But the compression behavior at 4.6 cm is rather

strange because it is dilative at first and then becomes com-

pressive. At the same time, it is also strange that the compres-

sion strains at 41.4 cm and 50.6 cm are very small until the

shear strain of 0.15 and then increase significantly. More data

on the compression deformation are necessary for the exami-

nation of these behaviors. The relation throughout the experi-

ment at 4.6 cm and the relation at 41.4 cm and 50.6 cm until

the shear strain of 0.15 are neglect in this examination. The

compression strain at deeper layers is larger (more compres-

sive) at a shear strain of 0.25, and the ratio of the increase of

the compression strain to the increase of the shear strain at

deeper layers is smaller at a shear strain of 0.25, which

suggests the soil at deeper layer is closer to the critical state.

The ratio of the increase of the compression strain to the

increase of the shear strain at 50.6 cm becomes almost zero

after the shear strain of 0.25, which indicates that the soil is in

the critical state. However, the increase of the compression

strain at shallow layers (13.8 cm and 23 cm) at final is still

large, which means that it is far from the critical state.

The characteristics of the relation between the compression

strain and the shear strain mentioned above are modified in

Fig. 9. These facts suggest that the ratio of the increase

of compression strain to the increase of the shear strain

might be able to express how far it is from present state to

the failure.

The Relation Between the Surface Displacement
and the Vertical Displacement

Because the surface displacement and the vertical displace-

ment can be regarded as the sum of the shear strain and the

Fig. 7 Time variation of the compression strain and the shear strain in

the slope

Fig. 8 Relationship between the shear strain and the compression

strain at the same depth

Fig. 9 Modification of the relation between the shear strain and the

compression strain. εcomp: the compression strain. γ: the shear strain
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compression strain in a cross-section, it is expected that the

relation between the surface displacement and the vertical

displacement is almost like the relation between the shear

strain and the compression strain in the slope. The measure-

ment of the surface displacement and the vertical displace-

ment is much easier and more practical than the

measurement of the strain in the slope. Figure 10 shows

the relationship between the surface displacement and the

vertical displacement at 300 cm on the surface of the model

slope. The vertical displacement increases with the increase

of the surface displacement at first and then the ratio of the

vertical displacement increment to the surface displacement

increment (the displacement increment ratio) gradually

becomes smaller with the increase of the surface displace-

ment. The vertical displacement increment to the surface

displacement increment becomes zero at final. This is the

same tendency with the relation between the shear strain and

the compression strain in the slope.

Conclusion

Monitoring of the shear and compression deformation in

a sandy model slope under artificial rainfall was

performed and the measured data was analyzed. The

conclusions were derived as follows:

1. The deformation at shallower layer is dilative while the

deformation at deeper layer is compressive during the

experiment. The compression strain at deeper layer is

larger in general. The ratio of the compression strain

increment to the shear strain increment is far from zero

at first and then approaches toward zero. The ratio at

deeper layer approaches to almost zero which means

the layer is at critical state (failure state).

2. The relation between the surface displacement and the

vertical displacement on the surface of the slope is also

like that between the shear strain and the compression

strain. The ratio of vertical displacement increment to

the surface displacement increment becomes almost

zero at final (failure state).

3. From the facts as above, it can be suggested that the

ratio of the compression strain increment to the shear

strain increment in the slope might indicate the stress

state and show how far it is from the present state to the

failure state. The ratio of the vertical displacement

increment to the surface displacement increment also

might indicate the instability of the slope. The mea-

surement of surface displacement and the vertical dis-

placement is more convenient than that of the

deformation in the slope.
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Introduction: General Landslide Studies

Peter Bobrowsky, Yueping Yin, and Alexander Strom

Abstract

Highlights for several papers included in the “general landslide” session for the 3rd World

Landslide Forum are presented. Topics range from early warning systems and modelling to

geomorphology and solid waste disposal settlements to flow mechanics and landslide

susceptibility mapping. All the topics link issues, observations and solutions to slope

instability related topics.

Keywords

Landslides � General topics

The World Landslide Forum provides all researchers

involved in the study of landslide issues the opportunity to

share the results of their research with fellow colleagues in

the global community of practitioners. Although the confer-

ence organizers have done their best to accommodate the full

range and diversity in research topics that individuals may

address in their practice by designating key thematic or

sectoral or geographic sessions, occasionally some topics

are truly unique, specialized or professionally esoteric to

the point that they cannot be easily pigeonholed into existing

categories.

To ensure that such areas of interest are given equally

visibility in the forum, the organizers have grouped the

contributions under the category of “General Landslide

Studies”. Herein readers will find a collection of interesting

but different submissions on a wide range of key issues. In

common, of course, is the underlying theme of landslides,

but beyond that the aspects covered are deliberately unique.

The first contribution in this section is by Emmanuelle

Klein and colleagues and is entitled “Early Warning Systems

and time series modelling: a new challenge for landslide risk

prevention” provides a novel approach to using statistical

short-term forecasting capabilities based on an auto-regressive

integrated moving average type model as an attempt at early

warning. The authors use 3-years worth of data collected at the

active landslide of Ruines de Séchilienne in France. The study

is based on an integrated technological platform, which

combines microseismic, geotechnical, hydrogeological and

meteorological measurements, together with three dimen-

sional displacement measurements.

Udeni P. Nawagamuwa and W. Dayarathne’s paper

“Slope Stability analysis at Bloemendhal open Dump Site

in Sri Lanka” is a study on the properties of solid wastes to

predict settlement, slope stability and shear strength

parameters from a dump site called Bloemendhal near the

Colombo Metropolitan area, Sri Lanka. Resultant data

suggests that the internal nature of this and other dumps

requires additional scrutiny to avoid slope instability issues.

The third contribution in this section is entitled “Slope
Dynamic geomorphology of the Mailuu-Suu area, aspects of

long-term prediction” and is authored by Yuri Aleshin and

Isakbek Torgoev. The authors focus on the development of a

modified model (based on Saito) which integrates a viscose

component in their examination of loess based landslides in

Kyrgyzstan.
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Anja Dufresne examines the relationship between substrate

materials and how they influence rock and debris avalanche

emplacement in the paper “An overview of rock avalanche-

substrate interactions”. The author specifically focuses on

runout distance and impediments, material mobility, size of

the area of deposition, and flow complexities.

“Landslide Susceptibility of Kavaja, Albania” by Olgert

Jaupaj, Olivier Lateltin and Mentor Lamaj is an excellent

example of a methodology to produce a landslide suscepti-

bility map for the Kavaja district in central-western Albania.

The 1:25,000 scaled product was produced using a bivariate

approach to ranking parameters in each of the various

subclasses.

Sun-Gon Lee and Stephen Hencher analyze landslides

that occurred in 2011 in South Korea as part of their

critical assessment of the characteristics of the failures

and the effectiveness of the response in their work “Recent
extreme rainfall-induced landslides and government

countermeasures in Korea”. They conclude that a manage-

ment agency akin to GEO in Hong Kong is required to

deal with slope stability issues in this country.

The next contribution in this section is by Wei Meng,

Thom Bogaard and Rens van Beek and is entitled “How the

stabilizing effect of vegetation on a slope changes over time:

a review”. These authors provide a review of the changing

(de-)stabilizing effect of forest stands on potentially unstable

slopes. They focus primarily on the combined hydrological

and mechanical effects as a function of temporal forest stand

dynamics.

Do Minh Duc and colleagues provide a detailed analysis

of the factors that contributed to the Vietnamese April 2012

disaster in their contribution “Analysis of a Deep-seated

landslide in the Phan Me Coal Mining Dump Site, Thai

Nguyen Province, Vietnam”. They propose that the two

key contributors to the disaster were the water storage nature

of the waste dump materials as well as the overloading of the

waste dump deposits at the top of the slope.

“Geological Complexities of Rawana landslide, Sirmaur

District, Himachal” by D.K. Chadha provides a summary of

his studies to understand the nature and characteristics of the

Rawana landslide in the outer Himalayas. The author

proposes a number of mitigation measures that can be

applied to this particular failure.

“Highways vs. Landslides and their Consequences

in Himalaya” by Kishor Kumar, Lalita Jangpangi and

S. Gangopadhyay summarizes the researchers work into

better understanding the relationship between landslides in

the Himalayas that impact roads and related infrastructure as

a function of cloudburts and earthquake triggers. Finally

they propose a new hazard management system applicable

to this situation.

Y. Yin, Sianguang Qin and Wuji Zhao give an excellent

report on the use of different high resolution remote sensing

data to assess landslides along the upper reaches of the

Yellow River in the northeastern Tibetan Plateau of China

in their contribution “Characteristics of landslides from

Sigou Gorge to Lagan Gorge in the upper reaches of Yellow

Zhiqiang”.
Authors Zhang Yong, Shi Sheng-wei, Song Jun and

Cheng Ying-jian present the results of their landslide work

in another Chinese gorge in their paper called “Evaluation
on effect for the prevention and control against the landslide

disasters in the Three Gorges Reservoir area”. These authors
review 72 engineering projects related to slope instability.

They propose a hazard prevention and control efficiency

evaluation model based on an integrated fuzzy hierarchy

process theory.

The final paper in this series is entitled “Fiber optic strain
monitoring and evaluation of a slow-moving landslide near

Ashcroft, British Columbia, Canada” and is written by

David Huntley and colleagues. They examine the effective-

ness of this real time monitoring technique in relation to

other traditional monitoring tools such as remote sensing,

piezometer, inclinometers, etc.

Papers submitted to this special session were reviewed

multiple times by various reviewers. Although reviewed, the

contributions did not receive the same “English” scrutiny

that would be accorded to a journal article; as such some

minor errors may still be recognized. The primary concern

for reviewers was originality and technical quality of

the submissions with an aim to provide publication

opportunities for all participants and especially those from

less developed nations. We thank all of the contributors and

reviewers for their kind efforts.
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Early Warning Systems and Time Series Modelling:
A New Challenge for Landslide Risk Prevention

Emmanuelle Klein, Cristina Occhiena, Alicia Durenne, Yves Gueniffey,
and Marina Pirulli

Abstract

This paper deals with the application of statistical methods for the analysis of a multi-

parameter data set recorded at an active landslide, the Ruines de Séchilienne (France).

Here a monitoring system was set up on the western edge of the existing large active zone.

It is based on an integrated technological platform, which combines microseismic, geotech-

nical, hydrogeological and meteorological measurements, together with three-dimensional

displacement measurements. The work, still in progress, illustrates difficulties in modelling

the times series due to the ongoing self-accelerating deformation processes of the landslide.

In-depth processing and analysis of multi-parameter time series remains a tricky task when

using only data-based statistical methods. Additional investigations are being made to set-up

statistical analysis methods suitable for automated use on a routine basis.

Keywords

Time series � Microseismicity � Rainfall � 3D displacements � Early warning systems

Introduction

The pervasive nature of landslides and unstable rock slopes

creates numerous situations rated as risks across the world.

When public safety is at stake early warning systems can

offer a temporary robust strategy for mitigating the hazard

prior to more definitive remediation or vulnerability

reduction works. These warning systems are set up as

reliable alarms for appropriate decision making and timely

action and for planning important investments. Because

landslides can be triggered by external natural factors

(such as rainfalls or earthquakes), multi-parameter

monitoring is now recognized as essential (e.g. Bigarré

et al. 2011). Early-warning systems can produce numerous

and varied times series using a range of disciplines

(geophysics, geotechnics, hydrology etc.) that call for the

use of advanced data processing techniques as well as

proven statistical analysis methods. To develop warning

systems, the following objectives must be met: (1) analyse

and understand the evolution of the different variables in

space and time to detect any significant abnormal change

and (2) identify and quantify causal inferences and time

delays between those variables. The final aim is to determine

probabilistic laws for occurrences of the hazard phenomena

or at least to help in the production of reliable alarms based

on statistical short-term forecasting capabilities.

This paper illustrates these issues using as an example the

deep-seated Séchilienne landslide (France). It first describes

briefly the site and the multi-parameter monitoring system,

as well as the data collected between November 2009 and

June 2013. It then attempts to characterize the relationships

between rainfall, microseismicity and surface displacements
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and detect situations presenting a risk. Finally, the relevance

of statistical short-term forecasting capabilities based on an

automated analysis is discussed.

Case Study: Séchilienne Landslide

Description of the Site

The deep-seated Séchilienne landslide is located in the

French Alps, at the southwest tip of the crystalline massif of

Belledonne. The movement involves a surface area of around

70 hawith a potential volume of several million cubic metres.

It lies on a SSE-facing slope that extends from 600 m above

sea level (a.s.l.) up to 1,130 m a.s.l. The slope deformation

processes appear to be very complex. It is certainly not a true

slide in the usual meaning (i.e. with a planar or pseudo-

circular failure surface), but instead involves 3D slope

deformation processes (Durville et al. 2009). In fact, the

deformation mechanism combines a toppling of gneisses

and micaschists that creates major discontinuities towards

the valley and subsidence of the upper part of the hill. It is

an irreversible and self-accelerating process.

Since 1985, this risk management strategy for this land-

slide has been to rely on a monitoring system (Durville et al.

2009) operated by the Les Centres d’Etudes Techniques de

l’Équipement (CETE) and based on rainfall and surface

displacements measurements (using extensometers, radar,

infrared, camera and video). Since 2009, the French National

Institute for Industrial Environment and Risks (INERIS) has

been running a multi-parameter observations system placed

along the west border of the very active zone of the landslide

(Fig. 1) where large cracks regularly open. This system

is based on the technology described in Klein et al. (2008).

It combines in-depth microseismic, hydrogeological and

geotechnical monitoring, as well as meteorological and

three-dimensional displacement measurements.

Description of the Monitoring System

This monitoring system comprises (Dünner et al. 2010):

• eight high-resolution microseismic probes, including four

three-dimensional probes positioned at depth (in a sub-

vertical borehole 80 m deep and in a 240 m sub-

horizontal survey gallery), each equipped with a bi-axial

inclinometer,

• one piezometer and one conductivity-temperature sensor

in a dedicated borehole that is 150 m deep,

• three GPS-RTK stations, including one reference station

on the opposite stable slope. The convention is such that

an increase in latitude and respectively longitude

indicates movement towards the North, and toward

the West,

• one meteorological station (air and ground temperatures,

rainfall) also on the opposite slope.

The microseismic network was calibrated in 2010 when

high-resolution seismic profiles were conducted on the

north-western edge of the landslide. The calibration data

confirmed the proper coupling of probes with the rock

mass, as well as their capacity to detect low-energy events

at a distance of more than 240 m (Dünner et al. 2010). They

also helped to calibrate the processing routines, including

the determination of a seismic wave velocity model with

high contrasts (travel times indicated 1,400 m/s on the

surface and 4,500 m/s beyond 40 m deep) in agreement

with geological and geophysical observations.

Main Microseismic Signatures

The microseismic signals show substantial variability in

terms of waveforms, frequency content, amplitude and

duration due to the complexity of the deformation processes

involved. Then, in addition to regional earthquakes and

small local roof rockfalls in the sub-horizontal gallery, the

monitoring system records three event types (Fig. 2):

• rockfalls and rockslides occurring in the very active zone

or its vicinity,

• tremor-type signals with a long-lasting, rhythmic signal

whose origin is not well understood,

• microearthquakes corresponding to in-depth rock mass

fracturing and movement.

The tremors represent more than 65 % of the recordings.

This proportion tends to increase over time.

50 m

GPS2

GPS1

Fig. 1 Top view of the site (#Google): seismic sensors in the gallery

(red dots), GPS stations (triangles), and boreholes for hydrological

(blue diamond) and microseismic (red diamond) measurements
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Time Series Over the Period

Figure 3 presents the main time series, including the

microseismic activity per day, the cumulative displacement

recorded by GPS-RTK station No. 2 and the daily rainfall. It

shows that the microseismic activity has increased consider-

ably from year to year (+120 % between 2011 and 2012). The

movement is also quite rapid, with more than 6 m of total

displacements in only 2 years (+100 % from 1 year to

another). In addition, there seems to be a coincidence between

microseismic surges, acceleration of surface displacement

and intense rainfall or snowfall. The major microseismic

peak is observed in November 2012, which is the wettest

month of the period. It is also at that period that the velocities

of surface displacement are larger than ever (up to 3 cm/day

on average). Other peaks, although of minor amplitudes, can

be seen at the end of July 2011, at the end of December 2011,

in the middle of April 2012 and between March and April

2013. In Fig. 4 the superimposition of the cumulative

displacements and daily microseismic activity over the daily

rainfalls is shown. The rectangles identify, for each of the

above-mentioned peaks, a corresponding period of intense

rainfalls. A qualitative correspondence between the micro-

seismicity and the displacements is more difficult to see.

Only for the major peak of November 2012 ((d) period in

Fig. 4) it is possible to see a clear increase of the surface

displacements, evidenced by a change in the slope steepness

in the cumulative displacement trend. The peak of November,

which reaches the peak between 10th and 20th November,

occurred at the end of a long period of intense activity: in fact,

the trend of the cumulative daily number of events shows an

acceleration since the middle of September, together with an

intensification of the rainfalls.

The piezometric time series is not presented here because

the dedicated borehole became irremediably blocked in April

2010 after technical works on site. The period is then too short

for piezometric time series modeling, but it was long enough

to bring out four major recharge episodes that caused a cumu-

lative increase in the level of groundwater of more than 12 m

(Dünner et al. 2010). The time series was typical of a dual

permeability aquifer with rapid recharge episodes and slow

discharges, with evidence of the participation of various

groups of discontinuities in groundwater draining: major

fractures on the surface contribute to rapid recharge, whereas

fractures at depth with lower permeability slow drainage.

In order to better investigate the effective presence of a

possible correlation between microseismicity, displacements

and rainfalls, a statistical analysis has been applied, as

described in the following.

Statistical Analysis: Overview
of the Methodology

Data Preparation

In environmental time series, it is quite common to have

complex or messy data. Some samples can be missing and

exhibit outliers; the sampling can also differ from one time

series to another. The unevenly-spaced microseismic time

Fig. 2 Seismograms (amplitude in m/s versus time in s) recognized at one 3-component station on Sechilienne landslide: rockfalls

(top), tremor type event (middle), in-depth microearthquake (bottom)
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series that results from passive listening for rock mass

fracturing also strongly depends on the acquisition settings:

a change in these settings can lead to an apparent surge or, on

the other hand, to an apparent decrease in the activity. In

addition, when studying natural hazards on a long-term basis

it could be necessary to consider environmental changes

such as those induced by climate change, for example.

To obtain statistically meaningful results, it is necessary to

prepare and structure the data carefully, taking into account

uncertainties and the resolutions of the instrumental techniques.

Here we reduce the sampling frequency for all series to one

sample per day.We consider that the microseismic time series

is homogeneous: there are no missing data over the period and

no artefacts (the in-depth position of the probes efficiently

limits artefacts and promotes low seismic noise). In the fol-

lowing, we consider the number of events per day. The

displacement series is cleaned of outliers using standard

GPS quality factors (e.g. dilution of precision, etc.), missing

data are estimated and finally only the maximum value per

day is kept. Outliers or missing values in the rainfall series are

replaced by measurements provided by Les Centres d’Etudes

Techniques de l’Équipement (CETE). The daily value

corresponds to cumulative rainfall per day.

Time Series Modelling and Cross-Correlation
Analysis

One of the most popular and frequently used methods when

considering environmental data was proposed by Hipel and

McLeod (1995). It permits the description of the inherent

structure of each series using appropriate models, to bring

out possible relationships between a set of series and make

forecasts.
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Fig. 3 Number of seismic events (top), cumulative displacement

(middle) and daily rainfall (bottom) from November 2009 to June

2013. GPS station was installed in April 2011 and moved to another

place in April 2013

Fig. 4 Cumulative daily number of events, cumulative displacements

and daily rainfall series between October 2009 and June 2013: the

rectangles highlight the peaks in microseismic activity that occurred

(a) at the end of July 2011, (b) at the end of December 2011; (c) in the

middle of April 2012; (d) in the middle of November 2012; and

(e) between the end of March 2013 and the beginning of April 2013
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Here, to study the impact of a forcing variable or ‘input’
(for example rainfall) on a forced variable denoted ‘output’
(for example displacement) the first step consists of

establishing an auto-regressive integrated moving average

type model that best fits the input. This is the prewhitening

stage. This model is then applied to the output to study the

cross-correlation. The goal is to identify the possible delay

(first significant correlation) of the action of the input on the

output, and the duration of this effect (number of significant

contiguous correlations). The same procedure is repeated

for each pair of input/output. In the following, data

are correlated when the conventional significance level (or

p-value) at 5 % is exceeded.

Detection of Structural Changes

In the literature, many techniques exist to detect structural

changes in times series. When considering monotonically

increasing series such as cumulative displacements or

cumulative number of seismic events, one simple and

efficient way to detect these structural changes relies on

the identification of inflection points: the calculations of

the first and second derivatives mark the transition from

concavity to convexity (acceleration phases) and vice versa

(slowdown phases).

Correlations and Risk

Influence of Rainfall

The main results of the correlation analysis are given in

Table 1. Microseismicity is significantly correlated, with

no delay, to rainfall, meaning that the water supply triggers

immediately seismic events, particularly those related to

in-depth rock mass fracturing (the correlation factor reaches

0.34 for microearthquakes). This result is consistent with

those obtained by Helmstetter and Garambois (2010) who

analyzed seismic data collected between 2007 and 2009

using a different statistical method.

Regarding cumulative (or relative) displacement the

results are as good. There is no relationship between rainfall

and movement northward, although it is the main component

of displacement. However, a causal inference is apparent in

daily displacements northward; the effect is observed with a

2-day lag. It means that water supply tends to accelerate the

displacement, but it does not affect significantly the general

trend associated with the continuous deformation of the

landslide. Some other published studies (e.g. Chanut et al.

2013; Vallet et al. 2013) show correlation factors between

rainfall and surface displacements higher than 0.6. These

studies are, however, based on a method that is not feasible

in many cases because it requires accumulating data over

periods of several weeks or months.

Influence of Antecedent Rainfall

To try to improve the previous results and better account

for the complex hydro-geological response of Sechilienne

landslide to meteorological conditions, we investigated

correlations with antecedent rainfall. For that purpose, we

used the following formulation that reflects the fact that

an old rainfall event may impact the groundwater

hydrodynamic due to drainage processes:

Ra0 ¼ R0 þ kR1 þ k2R2 þ � � � þ knRn ð1Þ

where Ra0 is the antecedent rainfall (mm) for the current day,

R0 is the current day rainfall (mm), k is a decay factor, and Rn

the daily rainfall (mm) on the nth day before 0.

Table 1 Results of the correlation study with rainfall using MA2 auto-regressive integrated moving average type model: the lag is mentioned

when a correlation is found

Correlation with rainfall Correlation factor 5 % level

Microseismicity

All Yes, 0 day 0.18 0.05

Rockfalls No – –

Tremors Yes, 0 day 0.15 0.05

Microearthquakes Yes, 0 day 0.34 0.05

Cumulative displacement—GPS station no. 2

Longitude Yes, 2 days 0.20 0.07

Latitude No – –

Altitude No – –

Total No – –

Daily displacement—GPS station no. 2

Latitude Yes, 2 days 0.20 0.07

The level of significance is given by 1.96/√n (where n is the number of observations)
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We then calculated the antecedent rainfall time series,

with k ranging from 0.1 to 0.9 (increment 0.05) and n

ranging from 1 to 60 (increment 5), trying to identify the

set of parameters giving the best correlation. Among all the

combinations tested, none improve the correlation with seis-

mic events.

Detection of Potential Risk

Over the period of study, the microseismic series presents

four structural changes as defined in the previous section, in

May 2011, December 2011, October 2012 and March 2013

(Fig. 5). They mark the onset of the microseismic surges

mentioned in Fig. 4. A similar analysis can be carried out for

the cumulative 3D-displacement series: it exhibits three

acceleration phases—in November 2011, October 2012

and March 2013.

Two structural changes are thus detected quasi simulta-

neously on both series: mid October 2012 and mid March

2013. These two breakpoints can be seen as markers of

potential risk. They should activate more vigilant monitoring

of external aggravating or triggering factors such as heavy

rainfall or earthquakes.

Discussion

For the Sechilienne landslide, when applying proper statisti-

cal methods and employing quantitative concepts such as

confidence, reliability or significance, observations which

seemed to be strongly interrelated (Fig. 4) are in fact weakly

correlated (Table 1). Under these circumstances it is not

possible to either provide or test a predictive model. Two

reasons can explain these results. First, this study covers a

short (3 years) period during which the movement and

deformation processes are clearly self-accelerating. This

complicates the approach, especially because of the data-

based nature of the auto-regressive integrated moving

average time series models used in this study. Second,

these models are usually very efficient when considering

systems whose function can be approximated as being linear.

Nonlinear relationships that contain a linear component can

be missed.

From a more general perspective, it is too early to come

to conclusions about the unfeasibility of using statistical

short-term forecasting capabilities based on an auto-

regressive integrated moving average type model in early

warning systems. Here, both the context and the insufficient

amount of data do not permit conclusions in that sense.

Some practical recommendations can however be enacted

to promote the proper use of statistical methods in early

warning systems applied to landslide risk management.

First it is important to design multi-parameter monitoring

systems that meet the requirements imposed by statistical

methods. For example, it is necessary that any intervention

in the system that could affect the time series in some way be

recorded as well. Also, the concept of significance (in the

statistical sense) has to be systematically taken into account

to put results, their interpretation and related decisions

in perspective. Early-warning systems have to get rid of

“significance” in the practical sense.

Second, in situations where time series analysis cannot

provide models to forecast future events, simple criteria can

be defined to detect potential risk. Here, the approach relies

on the detection of acceleration phases simultaneously on

multiple cumulative time series.
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Rockslide (French Alps): analysis of seismic signals and their

correlation with rainfalls. J Geophys Res 115: F03016. doi: 10.

1029/2009JF001532

Hipel KW, McLeod AI (1995) Time series modelling of water resources

and environmental systems. Elsevier, Amsterdam, The Netherlands
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Slope Stability Analysis at Bloemendhal Open Dump
Site in Sri Lanka

Udeni P. Nawagamuwa and W. H. R. S. Dayarathne

Abstract

Civil engineering construction in the Colombo city area have commenced on lands

previously used for the dumping of waste. Construction on covered dump wastes will

cause a lot of problems, such as settlement, slope instability, and shear failure. Therefore

similar to soil properties, it is important to study the properties of solid wastes to predict

settlement, slope stability and shear strength parameters, though there are additional

differences due to some chemical reactions occurring in the solid waste with time.

In this research, the geotechnical properties of solid waste from a dump site called

Bloemendhal was studied. Several tests were made to identify and classify the so-called

soils taken from the this location. Basic tests such as sieve analysis, Proctor compaction,

consolidation and direct shear were conducted.

Open dumps are sometimes higher than 10 m. There is a huge risk of slope failures due

to any modification of slope geometry or loading above. Therefore, in this research, that

aspect was considered as an important issue. Several sections where possible failures could

happen were analyzed using Geo-Slope software, using the results obtained from basic

tests. Factor of safety values obtained for the existing conditions and with possible loading

imposed due to any future constructions are discussed.

Keywords

Slope stability � Open dumps � Geotechnical properties � Bloemendhal

Failures of Waste Fills

A waste slide is an uncontrolled movement of waste down a

slope. In developed countries, landfills are not located in an

unstable area without a demonstration of stability. There is a

good reason for these requirements, the consequences of a

slide can be damaging to the adjacent residents and environ-

ment. This will become a very serious concern to developing

countries like Sri Lanka, because local authorities are the

agencies responsible for handling waste. Concerns about the

stability and other issues had been neglected when the waste

was dumped. At the moment, Colombo has little suitable

land left for new developments and several civil engineering

projects have been begun on land previously used for the

dumping of waste. There are several locations where these

types of dump areas have been used for the construction of

buildings. Two such recent examples are Peliyagoda

fish market and relocation of underserved settlements at

K. Cyril C. Perera Mawatha Colombo-14. Construction on

already covered dump wastes will pose many problems such

as settlement, slope instability, and shear failure.

Engineering of landfills is not being practiced in Sri

Lanka, while developed countries maintain well controlled

landfills. However, several failures have been recorded, even

at controlled landfills, for various reasons. As mentioned by

Boutwell (2004), a municipal soil waste facility in southern

US in 1997 had a failure at the waste/soil interface.
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The reason recorded was a modification done against the

original design recommendations. A non-hazardous indus-

trial waste (NHIW) facility in north-central US in 1997 had a

failure within the waste. The reason was found to be place-

ment of waste on a slope steeper and taller than the design.

Boutwell (2004) further reported that a strong MSW

failure had occurred in a weak plane in the natural soil

(foundation soils) in a MSW facility in midwestern US in

1996. A failure along the interface between a geo-membrane

liner and the native soil was recorded at a Hazardous Waste

facility in western US in 1988.

Bloemendhal Dump Site

Need for the Study

The study area for this analysis is the Bloomandal dump

(Fig. 1), with 12 acres of land situated just opposite to the

Colombo Harbor. This dump has not been in operation since

2006, however, this is a very old dump which was in opera-

tion for more than 25 years (Berenger and Fazlulhaq 2009).

However, now, with rapid urbanization and population

growth, the requirements for new land for construction

purposes are increasingly high, though the usable land

areas are not readily available. Therefore, previously

rejected lands like dump areas are now being used for

construction.

General Geotechnical Properties
Figure 2 gives details of dump sample grading curves

obtained from dry and wash sieve methods after air drying.

This provides an indication of occurrence of mostly a coarse

grained soil in the site. Several samples were collected, such

as from the top and bottom of the dump and at locations

where burnings were carried out. The results of a standard

Proctor compaction are illustrated in Fig. 3 for both bulk and

Fig. 1 Bloemendhal dump in Colombo Metropolitan area close to the harbour

Fig. 2 Grading curves of air dry and wash sieve samples from

Bloemendhal dump
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dry densities. It was necessary to compare bulk density as

there could be some losses due to the oven-drying process. A

number of tests were conducted, with results showing a

general bulk density of 1,500 kg/m3 and a dry density in

the range of 1,000–1,100 kg/m3, with an optimum moisture

content of around 30–32 %.

Further, these samples were tested with direct shear appa-

ratus to obtain shear parameters. The results are shown in

Fig. 4. Samples were collected from several locations at the

dump; including the top, bottom and some burnt samples.

These were tested at each moisture content level during stan-

dard Proctor compaction tests. All these tests were done using

ASTM D 698. Polythene and other non bio-degradable

particles greater than 19 mm were removed before testing.

These results obtained in Fig. 4 can be presented in a

typical plot as shown in Fig. 5. Several such tests conducted

for different moisture contents are summarized in Fig. 6.

Stability Analysis and Results

Two critical slopes were identified in considering the geom-

etry of slopes. The thickness of the waste layers, their

boundaries and the water table location were assumed and

varied for the analysis. Finally, the idealized model shown in

Fig. 7 was used. Due to the heterogeneous conditions at the

site, it was decided to observe the impact of using lower
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Fig. 3 Dry density and bulk density vs. moisture content

Fig. 4 Shear stress vs. shear displacement graph with an OMC 30 %

Fig. 5 Shear stress vs. normal stress graph with an OMC 30 %

Fig. 6 Variations in shear strength parameters with moisture

content (%)
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values in addition to the values obtained during the labora-

tory tests.

Analysis was carried out while varying the shear strength

parameters such as cohesion (C) and angle of shearing resis-
tance (ϕ). Different categories of analysis were considered,

based on the strength properties. Variation of cohesion and

friction angle are described in Tables 1 and 2 respectively.

Analysis 1 represents the findings from the laboratory tests.

Stability aspects were considered for the existing

conditions and for possible future construction work. There-

fore, analysis was done while adding a surcharge, ranging

from lower to higher values, to simulate future construction

on this dump area. GeoStudio (2007) was utilized to carry

out the analysis. It is extremely difficult to get seasonal

variations of water table within a dump due to unavailability

of piezometers within the site. So, a possible maximum

water table level was assumed for the analysis. Factors of

safety for the critical slip surfaces for each case are presented

in Tables 3 and 4. Factor of safety values were calculated

Fig. 7 Idealized model for Bloemendhal dump with different strength properties

Table 1 Variation of cohesion values

Analysis Soil layer C (kPa) ϕ0 γ (kN/m3)
1 Top 10.1 21 10.7

Bottom 18.8 18 12.8

Burnt 19 18 9.66

2 Top 5 21 10.7

Bottom 15 18 12.8

Burnt 19 18 9.66

3 Top 1 21 10.7

Bottom 10 18 12.8

Burnt 19 18 9.66

4 Top 0 21 10.7

Bottom 5 18 12.8

Burnt 19 18 9.66

Table 2 Variation of values of friction angle

Analysis Soil layer C (kPa) ϕ0 γ (kN/m3)
1 Top 10.1 21 10.7

Bottom 18.8 18 12.8

Burnt 19 18 9.66

2 Top 10.1 15 10.7

Bottom 18.8 15 12.8

Burnt 19 18 9.66

3 Top 10.1 10 10.7

Bottom 18.8 10 12.8

Burnt 19 18 9.66

4 Top 10.1 5 10.7

Bottom 18.8 5 12.8

Burnt 19 18 9.66

5 Top 10.1 1 10.7

Bottom 18.8 1 12.8

Burnt 19 18 9.66
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using different methods such as Janbu, Ordinary, Bishop and

Spenser.

Based on the results after varying the cohesion values, it

can clearly be summarized that up to analysis 4 in Tables 3

and 4, failure is unlikely to be observed in the site. However,

analysis 4 with “no surcharge” also shows a factor of safety

of less than 1.3.To get a clear view of the variation, sur-

charge vs. Factor of Safety, which is obtained by using

Spencer method, is plotted for each case. Figures 8 and 9

show that those discussed variations of C and ϕ analysis

respectively.

Conclusions

Construction has been carried out on sites previously used

for dumping wastes due to rapid urbanization and scarcity

of suitable land for construction. Studies of geotechnical

properties at those dumps, which are not in operation

now, are required to predict their behaviour due to possi-

ble future construction. Heterogeneity in the waste due to

the presence of various types of materials and dumping

during different time periods caused very difficult

problems for the analysis. However, with several

assumptions, it was found that if there are lower values

of strength parameters available in different cross-

sections, there could be possible failures. Therefore, it is

necessary to do a detailed and long-term study at these

dumps with proper instrumentation.

Table 3 Factor of safety for the critical failure surface in C reduction

analysis

Analysis

Surcharge

(KPa)

Factor of safety in critical failure surface

Ordinary

method Janbu Bishop Spencer
1 0 2.102 2.065 2.229 2.226

10 2.096 2.059 2.23 2.227

20 2.064 2.02 2.169 2.167

30 1.994 1.954 2.096 2.094

50 1.812 1.772 1.926 1.925

75 1.627 1.59 1.733 1.731

100 1.481 1.445 1.568 1.567

2 0 1.717 1.727 1.78 1.778

10 1.717 1.727 1.78 1.778

20 1.715 1.71 1.787 1.785

30 1.701 1.675 1.746 1.745

50 1.552 1.525 1.606 1.606

75 1.408 1.384 1.478 1.477

100 1.285 1.259 1.352 1.353

3 0 1.233 1.255 1.302 1.301

10 1.212 1.266 1.299 1.299

20 1.217 1.251 1.294 1.293

30 1.221 1.255 1.299 1.299

50 1.227 1.255 1.3 1.299

75 1.227 1.255 1.3 1.299

100 1.234 1.26 1.305 1.304

4 0 1.088 1.15 1.183 1.182

10 N/C N/C N/C N/C

20 N/C N/C N/C N/C

30 N/C N/C N/C N/C

50 1.086 1.16 1.183 1.182

75 1.112 1.139 1.183 1.182

100 1.112 1.139 1.183 1.182

N/C not calculated

Table 4 Factor of safety for the critical failure surface in f reduction

analysis

Analysis

Surcharge

(KPa)

Factor of safety in critical failure surface

Ordinary

method Janbu Bishop Spencer
2 0 1.727 1.695 1.824 1.823

10 1.709 1.672 1.805 1.803

20 1.639 1.594 1.732 1.73

30 N/C N/C N/C N/C

50 1.415 1.37 1.506 1.504

75 N/C N/C N/C N/C

100 1.149 1.117 1.228 1.227

3 0 1.4 1.368 1.475 1.474

10 1.381 1.345 1.444 1.443

20 1.315 1.272 1.378 1.377

50 1.121 1.083 1.18 1.18

100 0.887 0.858 0.946 0.945

4 0 1.09 1.06 1.124 1.124

10 1.056 1.02 1.19 1.089

20 0.998 0.957 1.031 1.03

50 0.825 0.779 0.861 0.86

100 0.633 0.595 0.671 0.669

5 0 0.845 0.811 0.853 0.854

10 0.833 0.776 0.84 0.84

20 0.793 0.723 0.802 0.802

50 0.659 0.581 0.674 0.673

100 0.487 0.43 0.509 0.508

Fig. 8 Factor of safety variation for different cohesion values
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Slope Dynamic Geomorphology of the Mailuu-Suu
Area, Aspects of Long-Term Prediction

Yuri Aleshin and Isakbek Torgoev

Abstract

Long-term monitoring and the analysis of stability of the slopes subject to landslides on the

territory of southwest Tien Shan where loessial soils are common, show almost a constant

speed of deformation (secondary creep) and accelerating/decelerating movement of unsta-

ble masses due to hydrological changes. Landslides can occur without any previous

noticeable warning signs. Slow movement of slope cover in Paleogene-Neogene clays

over 10 or more years creates the effect of accustoming local residents to the hazard. Under

such circumstances, it is important and critical to rank slopes according to a hazard rating;

the estimation of the remaining time to slope failure may serve as a criterion of the hazard.

We have applied the Saito model coupled with a viscous model for ranking and classifying

slopes of the large landslide-prone area of Mailuu-Suu. More than 200 landslides occurred

in this mountain territory (~50 km2 in area) over the last 60 years. The reactivation of most

paleolandslides is connected with intensive mining activity and urbanization. The proposed

model is useful for short, mid and long-term predictions of secondary creep. The main

factors in the prediction are slope steepness, steady-state moisture content of clay soils

along its contact with the bedrock, a possibility of sudden and fast water table rise, and type

of hydrogeological recharge. Thus local site maps were formed as a basis for detailed and

systematic study of slopes, starting with the most dangerous ones with the shortest lifetime.

It does not matter that long-term predictions remain uncertain due to change of

hydrogeological conditions with time and soil degradation. Detailed study of such slopes

is carried out for the latter. It is recommended to install automatic extensometers with

telemetric transmission of landslide movement data on slopes with predicted life spans of

1–3 years.

Keywords

Creep � Viscosity � Landslide velocity � Failure prediction

Introduction

The main feature of modern landslides in the Mailuu-Suu

River basin is the slope nature of the unstable mass

displacements, in which landslides and avalanches different

in scale syndynamically reach the base of the slope. Where

the boulder-fragment and soil slide masses cease to move,

having reached the base of the slope or deposited at

the current river terrace, sometimes partially damming the

river. Subsequently, there is a gradual dewatering of the
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landslide body when water and the most mobile clay

fractions of fluid consistence are carried ahead of the land-

slide limit. There are very few fast syndynamic along-valley

“dry” flows with a run-out distances L > 3l1, where l1 is the

landslide body length along the main displacement vector

(Aleshin Yu et al. 2006; Torgoev et al. 1997).

Continuous, long-term monitoring of landslide

displacements on a series of slopes and analysis of seismic

and meteorological factors allow us to establish close but

delayed (from a few days to 2 or 3 months) correlations

between slow speed landslide displacements and precipita-

tion, groundwater level and seismic activity of the subregion

territory. For example, at the: “Izolith” landslide this rela-

tionship was explicitly revealed in the spring of 1998, when

the time delay of landslide activity in different parts of the

landslide body was from a few hours to 3–5 days, depending

on the thickness of the unstable blocks. Properties of the clay

soils of the unstable cover on the slopes in the Mailuu-Suu

River basin (Fig. 1) are such that in a fairly high moisture

conditions they remain relatively high values of internal

friction angle φ and viscosity factor ζ. However, with a

small but the continuous additional moisture, these values

are reduced considerably.

These properties determine the features of the develop-

ment of exogenous geological processes on the territory

described, in particular the long and slow (measured at a

rate of ~n � 10 mm/year) deformation of weak stable

slopes, which ultimately determines the even greater fall

in clay soils’ strength. In the setting of Mailuu-Suu, the

landslide processes themselves can be visually recorded

only in the last stage of displacement, the preparation of

which may continue for a long time—for many years. This

is evidenced by the tension cracks almost universally

observed on the slopes and the stream net on the ground

surface, which appear long before the catastrophic stage of

landslide process, creating an effect for concern to residents

and concerns for safety. The catastrophic phase of rapid

displacement of landslide masses used to occur unexpect-

edly without expressive visible symptoms and extreme

precipitation factors, as was the case between 2002 and

2006, when similarity between several major landslides

were noted, although there was no abnormal precipitation.

Methods and Results

The main characteristic of landslide displacement of unsta-

ble slopes under the influence of rheological factors is the

rate of landslide displacements. This can be determined

Fig. 1 The landslide incidence in the Mailuu-Suu area
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using the Bingham model (Maslov 1982), with the initial

ground resistance against the displacement

dVy ¼ τy � τlim
ζ

dy ð1Þ

where Vy is the velocity of the unstable surface at the level y
(in depth from the daylight surface); τy ¼ ρω(H � y)sinα is

the value of shear stress at the level y; τlim ¼ δ tan φω + Cω

is the creep threshold; ζω is the soil viscosity factor; H is

thickness of the unstable cover; α is angle of the slip plane; δ
is normal stress by the weight of the earth cover overlying

slip plane, φω is the internal friction angle and Cω is

structural strength of soil for in situ conditions. Lower

index values emphasize a significant effect of the moisture

content ω on the physical and mechanical properties of soils.

Upon integration of (1) we have an opportunity to formu-

late a necessary condition for the weak stable cover displace-

ment as:

tan α > tanφω þ Cω

ρωH cos α
ð2Þ

Finally, having the soil test data and using the relation of

their physical and mechanical properties with moisture, we

can get the limit equilibrium condition in the slope

H�HΠp ¼ ƒ ω�, αð Þ ð3Þ

where ƒ(·) is a complicated function from humidity

indicators of the clay layers and/or soil layers, as well as

the angle of their incidence towards the valley.

Discussion

Figure 2 graphically presents the relation (3). It follows from

these graphs that long-term stability of Cretaceous-Paleo-

gene-Neogene interlaminated structures represented by

sandstone, siltstone, clay, gritstone, limestone, with a total

thickness of up to 100 m at the slip plane with angles 20–25�,
is guaranteed if the clay layers in slip planes are in a semi-

solid and low-plastic consistency. Thin beds and Quaternary

covers (of ~10 m thickness) lose their stability during the

transformation of Paleogene and Upper Cretaceous clay into

a state of high plasticity and flowing consistency.

The Tertiary clay in the structures which formed Mailuu-

Suu anticlines are characterized in situ by an extremely low

index of plasticity (15–20 %) and almost the same average of

natural water content both in the primary bedding, as well as

in the disrupted beds (in the primary bedding—between 13

and 15 %, in the disrupted bedding—between 17 and 19 %),

due to low water conditions of the uppermost areas of

anticlines. In primary bedding these clays have a very high

compactness, as evidenced by their high unit weight and low

moisture content—1.5–2 times lower than the plastic limit.

Even in the disrupted bedding the moisture content does not

exceed this limit. This suggests that the clays are in hard

consistency in such masses. The water content is just over

the plastic limit only for Cretaceous clay in the disrupted

bedding, and only in water-saturated areas of ancient

landslides does it reach high values—up to 30–33 %,

but these are usually in depression areas of the daylight

surface and landslide accumulation zones. For this reason,

there is no doubt about the current stability of the Cretaceous

deposits.

Another situation arises on the slopes covered with

Quaternary deposits, or in areas of ancient landslide deposits

of clayey soils. Fig. 3 show graphs of displacement velocity

Fig. 2 The relationship of the critical thickness of Cretaceous–-

Paleogene block from clay layer moisture in the slip plane, in which

there is a loss of stability of the slope

Fig. 3 The relationship between the displacement velocity of the

Quaternary cover based on the Cretaceous-Paleogene platform from

the Tertiary clays humidity
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of the Quaternary cover (~10 m thick) on thin clay layer of d

~10 cm against the moisture of this layer, derived from a

calculation using the relation (1) and the objective

parameters of the physical and mechanical properties of

clayey soils of Mailuu-Suu. Going to the rate of deformation

of clay layers in the slip plane, and using the Saito equation

(Saito 1982) to predict a slope failure time, we can get the

calculated (predicted) soil moisture parameters, which are

specific for different stages of formation and development of

the landslide process (see the Table 1).

The final stage of the landslide process is the most diffi-

cult to predict: the moment of fast catastrophic release of

landslide masses towards the foot of the slope. This is due

largely to the conditions and characteristics of the watering

of soils on the slopes of the Mailuu-Suu River basin. There

are three sub-zones of moistening: top sub-zone—up to a

depth of 2 m in undisturbed cover loamy soils and 4 m in

shifted rocks, with a very large range of soil moisture

variation (5–18 %); intermediate sub-zone—with thickness

ranging from 4 to 8 m with a relatively constant soil humid-

ity (13–17 %); lower sub-zone—with thickness ranging

from 2 to 3 m, where the increase in moisture is due to

capillary fringe of constant weak underground stream in

contact with the Cretaceous–Paleogene rocks, where mois-

ture of clay soils can reach 25–35 %. The areas of landslides

accumulation and shifted loamy soils have a rather high

permeability index (Kϕ > 10�5 m/s), but despite this, in

wet years the groundwater supply through the aeration

zone is negligible for a thick surface cover even with a

possible increase in moisture of the upper sub-zone by

1.5–2 times. During the intense and prolonged precipitation

in the spring, when the surface runoff is produced, the

moisture penetrates through the numerous cracks on the

slopes with an off-surface cover, which causes an increase

in the speed rate of displacement, especially the lower part of

the unstable surface covers, decompression of soils in the

Table 1 Clayey soil water content o, % in the slip plane, which provides various stages of loss of stability of the Quaternary cover on the Mailuu-

Suu slopes

Stage of creep

Landslide stage (The “lifetime” of
the slope)

Predicted parameters for slope angles α (deg)

15 20 25 30

Primary stage, of damping Unconditional stability �34.5 �27.5 �21.2 �16.5

Secondary stage, of constant

displacement rate

Secular stability (of at least 100 years) 35.0 	 0.2 29.6 	 1.1 25.0 	 1.5 21.0 	 2.0

Long-time stability (30–100 years) 35.3 	 0.2 30.7 	 1.0 26.2 	 1.2 23.7 	 2.0

Practical stability (10–30 years) 35.7 	 0.3 31.5 	 1.0 27.2 	 1.8 25.5 	 2.5

Preparation of the displacement (3–10 years) 36.3 	 0.5 32.6 	 1.0 30.2 	 2.2 28.8 	 1.8

Significant displacement (1–3 years) 37.1 	 0.9 33.7 	 1.3 32.0 	 2.3 30.7 	 2.8

Tertiary stage, of accelerating

displacement

Emergency evolution (4 months to 1 year) 38.5 	 1.5 36.5 	 2.1 35.0 	 2.5 33.6 	 2.9

Before catastrophic collapse (<1 month) 41.0 	 3.0 40.0 	 3.0 39.5 	 3.0 39.0 	 3.0

Fig. 4 The upper part of the “Tecktonik” landslide: the formation zone of landslide blocks
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middle and head parts of landslides, the formation of new

cracks with their aperture and increase of soil moisture

permeability. Thus there is penetration of atmospheric mois-

ture into the lower sub-zone, a kind of “closure” aquifers;

inside of the landslides bodies there are sometimes layers of

soils of a fluid-plastic consistency, and landslides in their

foot parts are transformed (as in case of the processes at the

“Tecktonik” landslide); there is a sharp increase in the land-

slide mass displacement speed rate in leading blocks, some-

times with release of fluid consistency soils out of the

upslope bedding and complete disintegration of the blocks

(Fig. 4). In this state, the landslide bodies may be stabilized

for many years—as long as they will not be involved in the

landslide process of the upslope bedding soils on the slope

with a cascade upslope soils development of landslides,

so characteristic for the Mailuu-Suu.

The duration of the active phase of the shift increases when

groundwater discharge of distant feeding zones, which is done

through tectonic faults in the bedrock, is delayed by 1–3months

relative to the period of intense precipitation in April and May

of each year. Such conditions are created on the slopes of old-

landslide slopes of “Koi-Tash” and “Sary-Bee.” There is

almost constant hydrogeological water supply of soil during

the year, which determines the implementation of the second-

ary creep regime of the Quaternary cover and old-landslides

deposits with a deformation rate of dε/dt ~10�a s�1, where

a ¼ (10 	 1). For decades, these soils filled the depression in

the lower parts of the mountain slopes, where they quickly

were released in the form of small landslides with a volume

~n � 103 m3 on the river terrace. Landslide processes in such

areas reflect a quasi-periodic nature.

Conclusions

Thus, studies have shown that the special characteristics

of the soil and the regime of their moisture on the slopes

of the Mailuu-Suu river basin define complex of landslide

developments in the area, a kind of intermittent displace-

ment regime of landslide bodies with temporary stabili-

zation, lasting sometimes for several years, followed by a

rapid intensification of the process with a transition to a

catastrophic stage. Existing theories of landslide process

development fairly well describe the real shifts of the

blanket covers of the slopes, which are at the stage of

secondary creep, and they can be used for the purpose of

long-term forecasting of the landslide situation in

Mailuu-Suu by calculating the moment of transition to

the active phase of the tertiary creep. The final stages of

landslide development are currently difficult to forecast.

The problem can be solved radically by equipping the

mountain slopes, which are in the stage of tertiary creep,

with automated systems of geological control over land-

slide displacements (Torgoev et al. 1999), and landslide

danger early warning systems. A similar system was

established with the participation of the authors and that

functioned in Mailuu-Suu for 6 years.
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An Overview of Rock Avalanche-Substrate
Interactions

Anja Dufresne

Abstract

Large rock or debris avalanches inevitably encounter and interact with a variety of earth

materials along their paths. These substrate materials influence rock and debris avalanche

emplacement in one or several of the following ways (1) longer runout due to an increase in

volume by entrainment on the steep failure slope, (2) higher mobility by reduction in basal

frictional resistance (e.g. emplacement over glacier ice), or (3) a larger area of deposition

due to transformation into debris flows, contrasted by (4) runout impediment due to

interactions along the flatter runout path (e.g. bulldozing of substrate material or entrain-

ment of high-friction debris), and introducing (5) flow complexities resulting from changes

in basal mechanical properties and other localized interactions. Additionally, the total area

affected by a rock avalanche may extend beyond the deposit margin itself when sediments

in front of the rock avalanche are bulldozed or are mobilized and flow independent of the

rock avalanche for some further distance.

Keywords

Rock avalanche � Debris avalanche � Runout-path material � Entrainment

Introduction

In 1881, Buss and Heim proposed the idea that liquefied

substrates have a major influence on rock avalanche mobil-

ity. Over the past few decades, this topic has been widely

discussed in the landslide literature, with more and more

reports of field and theoretical evidence for the influence of

substrate materials on avalanche emplacement (Abele 1974,

1997; Hsü 1975; Sassa 1988; Hungr 1990; Yarnold 1993;

Voight and Sousa 1994; Abbot et al. 2002; Legros 2002;

Clavero et al. 2004; Hungr and Evans 2004; Abdrakhmatov

and Strom 2006; Hewitt 2006; Crosta et al. 2009; Dufresne

et al. 2009; Wang et al. 2012; Xu et al. 2012).

In typical rock avalanche settings, material along the

runout path consists of unconsolidated valley-fill sediments

of fluvial, glacial, lacustrine or colluvial origin. Surface

water in the form of rivers and lakes is present, and in

some cases snow and glacier ice as well. In addition, pyro-

clastic deposits and lava flows are common in volcanic

settings.

Only locally are the substrates beneath rock avalanches

undisturbed; they almost everywhere are deformed, in some

instances to a high degree. Where rock avalanche-substrate

interaction features are exposed, they provide evidence for

rock avalanche emplacement processes. This contribution

presents an overview of features produced by the interaction

of rock avalanches with their substrates and of inferred

changes in rock avalanche mechanical behaviour, mobility

and runout.
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Substrate Erosion and Entrainment

The most extreme effect that sediments and water from the

substrate can have on rock avalanches is to completely

transform them into highly mobile debris flows. In many

cases, there is a volume increase without a flow transforma-

tion, with two possible consequences: (1) simple volume

increase with the possibility that the rock avalanche will

cover a greater area with debris; (2) changes in the composi-

tion and mechanical properties of the basal rock avalanche

material, which in turn may either impede runout if high

friction materials are entrained or enhance runout when

frictional resistance is lowered, specifically when sufficient

amounts of ice, snow or water are mixed into the base of the

landslide.

Basal Mixed Zone and Rip-Up Clasts

Rock avalanche material rarely mixes entirely with entrained

sediments. Instead, there is commonly a basal mixed zone that

is relatively thin compared to the total thickness of the land-

slide deposit (example in Fig. 1 is 10 % of the deposit

thickness). Mixing in this basal zone can be thorough, and

the zone may be sharply bounded by both overlying rock

avalanche and underlying disrupted substrate materials.

Based on the example in Fig. 1, it is clear that entrainment

and mixing of fluvial sand and gravel occurred before

overriding and deformation of the in situ substrates, which

have a different composition than the entrained material.

Between these two events, unconsolidated coarse sand was

entrained as coherent clasts, but did not disaggregate and mix

with the rock avalanche debris. In this instance, three different

processes can be inferred to have occurred in succession along

the travel path, with a decreasing degree of interaction: (1)

entrainment and mixing, with the formation of a basal mixed

zone; (2) breaking of unconsolidated granular substrate mate-

rial into clasts and their incorporation into the rock avalanche

without further mixing; and (3) faulting and folding of the in
situ substrate, apparently without significant entrainment. In

other examples, rip-up clasts are present in otherwise pure

rock avalanche material, with no signs of disruption, mixing

or incorporation, and leaving no evidence of how they

reached their position. Could they have been emplaced by

laminar flow and ductile deformation? Or perhaps, they

moved upward along temporarily opened faults or shear

zones.

Flow Transformation

Rock avalanches transform into debris avalanches when a

large volume of substrate material is entrained on the steep

slope below the failure surface. Analysis of volumes of

source rocks, rock avalanche deposits and entrained

substrates suggests that 20–50 % by volume of the final

deposit, or at least 30 % of the original source volume

(prior to failure and fragmentation) must be entrained to

induce flow transformations (Dufresne et al. 2009). These

values are in accordance with entrainment ratios (i.e. the

ratio of the volume of entrained material to the bulked

volume of the initial mass due to fragmentation) greater

than 0.25 inferred by Hungr et al. (2001). Such large

Fig. 1 Example of common features at the contact between a rock

avalanche deposit and its substrate: (1) basal mixed zone in which rock

avalanche and substrate material are thoroughly mixed; (2) rip-up clast

of coarse, unconsolidated alluvial sand; (3) fault offsetting alluvial sand

layers; and (4) ductile deformation. This example is from the

Tschirgant rock avalanche, Tyrol, Austria. The section is about 10 m

long. Direction of rock avalanche movement is left-to-right
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entrained volumes on steep slopes add material with signifi-

cant potential energy to the moving mass and thereby

increase total rock avalanche volume and runout potential.

In contrast, substrate entrainment on the flatter runout path is

more likely to impede runout and induce local complexities

in basal composition and mechanical behaviour (Fig. 1).

Further transformation into highly mobile debris flows

can occur when sufficient volumes of surface water or

saturated sediment are entrained anywhere along the failure

slope or runout path. Debris flow mobility commonly

exceeds that of comparably sized rock avalanches by

100 % (Iverson 1997).

Substrate Deformation

Any interaction, for example erosion, folding, faulting or

shearing, of a mass in motion with stationary material requires

the transfer of kinetic energy from the moving mass to the

substrate. The result is local runout impedance, flow

diversions, and sometimes unique morphological signatures.

Bulldozing

Sediment bulldozing at the termini of rock and debris

avalanches has been documented at the volcanic debris ava-

lanche deposits of Parinacota, Chile/Bolivia (Clavero et al.

2002); Shiveluch, Kamchatka (Belousov et al. 1999); and

Socompa, Chile (van Wyk de Vries et al. 2001); and the

rock avalanche deposits Adair Park Breccia, Arizona (Yarnold

and Lombard 1989); Ananievo, Kyrgyzstan (Abdrakhmatov

and Strom 2006); Baga Bogd, Mongolia (Philip and Ritz

1999); Blackhawk, California (Johnsons 1978); and Arvel,

Switzerland (Choffat 1929 as cited in Crosta et al. 2009).

Particularly impressive is the bulldozer facies of the 1964

Shiveluch volcanic debris avalanche deposit, where pyroclas-

tic sediments are folded over an area of 1.5 by 6 km (Belousov

et al. 1999). Longitudinal ridges of the Shiveluch debris

avalanche appear to terminate well before the front of the

deposit (elsewhere they extend to the frontal margin),

suggesting feedback from bulldozing onto the debris ava-

lanche. In this case, sediment bulldozing might act similar to

topographic obstacles and decrease avalanche runout.

Likewise, localized substrate bulldozing within the

boundaries of rock or debris avalanches, such as in front of

longitudinal ridges, can impede runout and influence their

morphology by preventing the break-up of ridges into distal

hummocks. Examples of substrate bulldozing at ridge termini

include Altenau, Germany (von Poschinger 1994), Ghoro

Choh I, Pakistan (Hewitt 2006), Round Top, New Zealand

(Dufresne et al. 2009) and Artillery Peak, Arizona (Yarnold

1993). Fluvial sediments and peaty-clayey soils were

bulldozed in front of a high longitudinal ridge in the medial

deposition zone of the Round Top rock avalanche (Fig. 2).

The stratigraphy of the bulldozed deposits remained intact,

although shear zones are preserved in the topmost soil layers,

documenting different stages of disruption and bulldozing.

The ridge behind these bulldozed sediments appears short-

ened, as if its front abruptly decelerated while the still mobile

rear part collided into it, creating a steep frontal margin and a

pronounced hummocky surface. Other ridges in the same

deposit are flatter and longer, with more gentle slopes.

Folding and Faulting

Folds and faults of a wide range of sizes (e.g. Hewitt et al.

2008) are found along the rock avalanches-substrate contact,

within the substrate, outside the deposit margins, and

throughout the avalanche mass itself. Small-scale faults that

developed beneath a rock avalanche probably do not influ-

ence the emplacement dynamics, but they attest to the sub-

stantial impact of the avalanche on the materials it interacts

with. A change in avalanche behaviour could be induced

when it encounters weaker substrates, as in the case of the

Ollagüe volcanic debris avalanche in Chile (Clavero et al.

2004). Near the distal limit of this deposit, the amplitude of

substrate folds increases where the avalanche encountered

more ductile sediments. There, isolated hummocks sit atop

thickened and folded unconsolidated saline sediments.

Basal Friction and Shear

Shear features form beneath rapidly moving rock

avalanches, as they do beneath slowly moving glaciers

(Piotrowski et al. 2004). The fact that they are preserved

Fig. 2 Section in a longitudinal medial ridge of the Round Top rock

avalanche deposit, New Zealand. The flow direction is toward the

camera. Fluvial gravel and peaty-clayey soil were detached and

bulldozed by the advancing ridge. Hammer for scale
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beneath rock avalanche deposits allows two kinds of

inferences. (1) Shearing takes place only during the final

stages of movement, and thus is a late-stage phenomenon

that does not significantly influence avalanche mobility. (2)

Shearing occurs during the high-velocity emplacement

phase and has a considerable influence on avalanche mobil-

ity. In the second case, preservation of the features requires

(2a) constant arising and diminishing and location changes

of shear bands, and/or (2b) incremental deposition

preventing destruction of the shear bands, and (2c) a lack

of substrate erosion to the base of these shear bands.

Shear stresses can be transferred to considerable depth

into the substrate without eroding it. At the Gol-Ghone B

rock avalanche, Pakistan, sheared substrates are found to

200 m below its base (Hewitt 2006). Erosion versus shearing

will depend on substrate and basal avalanche mechanical

properties, as well as avalanche velocity.

High basal frictional resistance opposes the forward

motion of the rock avalanche and is transferred back into

the mass. Consequences might include sudden avalanche

deceleration, the generation of a steep frontal margin, or

basal deceleration accompanied by the upward migration of

a shear zone and, possibly, incremental stacked deposition.

A well-documented example of lowered basal friction is

rock avalanche emplacement on glacier ice (Evans and

Clague 1998). The low-relief and low-friction surface of a

glacier allows rock avalanche material to spread, thin and

travel significantly farther than would be the case if it

moved over other materials (Evans and Clague 1998; Sosio

et al. 2014).

Substrate Mobilization

Fluidization of water-saturated sediments by rock or debris

avalanche impact is facilitated by the generation of a pore

pressure gradient in the substrate that counteracts the cohe-

sive forces and frictional strength of the materials (Gauer

and Issler 2004). Pore fluid pressures temporarily rise to the

point that incompressible interstitial fluids carry all the

applied stresses, leading to loss of shear resistance.

Substrates in a fluidized state pose no resistance to avalanche

motion; instead they reduce the basal frictional resistance of

the moving mass, which favours enhanced motion. Second-

ary debris flows can be generated ahead of the avalanche in

this manner, enlarging the total area affected. The role of

rapid undrained loading in long rock avalanche runout has

been discussed since Hutchinson and Bhandari proposed this

mechanism in 1971. Although locally important, the exis-

tence of dry long-runout rock avalanches shows that it can-

not be a universal explanation.

In the case of earthquake-induced landslides, runout path

material might liquefy prior to overriding (Wang et al.

2012), making it all the more susceptible to mobilization

by the rock avalanche.

Isolated distal hummocks (toma hills), like those of the

Ollagüe example mentioned above, have been found at the

Fernpass rock avalanche, Austria up to 4 km from the margin

of the deposit (Prager et al. 2006). They were produced by

mobilization of saturated substrates either during the rock

avalanche or due to gravitational spreading shortly afterwards.

Emplacement Mechanism Indicators

Features resulting from rock avalanche-substrate

interactions provide important clues about rock avalanche

dynamics. The contact between the rock avalanche deposit

and its substrate may look sharp and lack evidence of distur-

bance, in all likelihood, though, it is an erosional surface

(Fig. 3); a basal mixed zone should be sought farther

downflow. Furthermore, the base of the moving mass

might not be the rock avalanche-substrate contact; it could

lie well below this contact and within the materials thought

to be in-situ sediments (e.g. Gol Ghone B; Hewitt 2006).

Flame injections have limited value as kinetic indicators

because they may be bent into or toward the direction of flow

(Yarnold 1993; Friedmann 1997; Dufresne 2012). Other

injections may follow shear planes, thus indicating short-

lived brittle faulting or opening of the rock avalanche mass.

Conclusions

Substrate materials along the runout path of rock and

debris avalanches introduce many complexities to the

emplacement of such landslides. They locally change

the mechanical behaviour of the moving mass, impeding

or enhancing mobility and spreading. Their specific influ-

ence crucially depends on substrate properties and loca-

tion of encounter, e.g. entrainment on the steep failure

slope versus the flatter runout path. Liquefaction of

saturated substrates, though not a universal explanation

Fig. 3 Base of the Perrier volcanic debris avalanche, France. (1) Sharp

shear horizon. (2) Larger fractured and (3) partially sheared clasts
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for the excess runout of rock and debris avalanches, is one

of several factors involved in the complex interactions of

these landslides with their runout path materials.
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Landslide Susceptibility of Kavaja, Albania

Olgert Jaupaj, Olivier Lateltin, and Mentor Lamaj

Abstract

In this paper, a GIS-based methodology has been used to produce a landslide susceptibility

map of Kavaja located in central-western part of Albania. The landslide inventory was

compiled at 1:25,000 scale through: field reconnaissance to investigate landslide

occurrences, collection of historic information of landslides from the Central Archive of

the Albanian Geological Survey and interpretation of landslide occurrences from aerial

photographs coupled with field verification. For this study the Bivariate approach was used

to obtain the susceptibility map. In order to explain these landslides, six landslide casual

factor maps were selected and prepared in GIS: geology, slope, aspect, land-use, distance

from stream, and seismicity. The landslide susceptibility map is the combination of all Wij

of each factor. The final landslide susceptibility map of the study area indicates that the low,

moderate, high classes respectively cover 129.7 km2 (84 %), 14.3 km2 (9 %), 10.5 km2

(7 %) of the study area. The high landslide susceptibility zones are predominantly

characterized by: the geological features N1
2(h)c, slope angles between 10� and 25� and

West facing exposition slope and Northeast facing slope, the land-use features are urban

areas and shrubs, distance from stream 0–25 m, and earthquake zone with magnitude

M > 3.5 and I > VII.
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Introduction

In natural systems, landslides are often recognized as one of

the most significant “natural hazards” in many areas

throughout the world (Crozier and Glade 2005). Landslide

is a general term used to describe the mass movement of soil

and rock downslope under gravitational influence.

Landslides annually destroy or damage industrial or residen-

tial developments, forest and agricultural lands. They often

cause deaths, injuries and homelessness. They affect

settlements, roads and other infrastructures, constituting a

major problem worldwide. Humans and nature combine in

increasing landslide risk. Climate change has locally

increased the intensity of rainfall, raising the frequency of

fast moving, shallow landslides. The population growth and

the expansion of settlements and lifelines over potentially

hazardous areas are increasing the impact of landslides. The

GIS technique has been widely used around the world in

landslide hazard because of its capability to predict in

advance potential landslide-prone areas by applying differ-

ent models and approaches.
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The two main methods that are generally applied to

landslide susceptibility assessment are either qualitative

methods, which are direct hazard mapping techniques, or

quantitative methods, which are indirect mapping

techniques. Both qualitative and quantitative approaches

are based on the principle that future landslides are more

likely to occur under the same conditions. The methodology

proposed from literature can be divided in five groups (1)

direct geomorphological mapping; (2) analysis of landslide

inventories; (3) heuristic approach; (4) statistical approach,

and (5) process based conceptual models.

For this study the Bivariate approach was used where

ranking values of each parameter sub-class are based on

cross tabulation data defining the spatial correlation between

the landslide inventory map and causative factors maps.

The Study Area

Geographically, the study area Fig. 1 is located in central-

western part of Albania between latitudes 41� 120 5600 to 41�

10 1600North, and longitudes 19� 260 17 00 to 19� 360 3400East.
The study area is about 155 km2 and belongs to the Kavaja

district. This area is bounded by the Adriatic Sea in the north

and west, Lowland Kavaja to the east and alluvial areas of

the Shkumbini River. This area intersects seven local

municipalities the most important of which is Kryevidh

Municipality. An estimated 15,000 people live and work in

this area. The provincial economy is based on agriculture

due to favourable geographic position, field landscape, the

mild climate and tourism especially in summer. Beach tour-

ism occurs in the coastal regions of Spille-Karpen. The area

is part of the coastal area of the central region of Durres-

Vlore. It is a sandy beach with pine woods extended along-

side it by giving it a beautiful view both from the aesthetic

aspect and the functional for Macedonia as well as by local

people in summer.

Based on morphology features the studied area is divided

in two geographic regions: (a) Lowlands’s areas are

represented by the Adriatic flat plain, (b) Rolling hills

representing an anticline structure in the centre of study

area. The elevation ranges from 0 to 220 m above sea

level. The rivers and streams have short lengths and flow

into gentle slopes and flat area. Two major rivers that drain

in this area are Shkumbini and Darci River.

Geological Setting

This area, which belongs to a pre-Adriatic depression of

Albania geological terrains, consists entirely of molasse

formations of Pliocene which extend transgressively upon

underlying formations of the Ionian and Kruja zones. There

are no outcrops of Messinian deposits in the study area.

Transgression starts during the Langhian and continued

with some pause cycles until the Pliocene. The Adriatic

Lowland built up the western and central area of

Tirana–Durres–Kavaja region. The main geological

formations Fig. 2 that crop out in study area are represented

by Quaternary deposits as represented by coastal, alluvial,

lagoons, swamps deposits and fluvial deposits or by Pliocene

deposits which built the Kryevidhi hills. In upper part of

lithological profile these rocks consist of claystone of

Helmesi formation (N2H) and by the sandstone-

conglomerate of Rrogozhina formation (N2R) and

Messinian molasses, and other rocks.

Landslides of Study Area and Bivariate
Approach

The landslide inventory was compiled at a 1:25,000 scale

through fieldwork to investigate landslide occurrences. Col-

lection of historic information of landslides from the Central

Archive of the Albanian Geological Survey and interpreta-

tion of landslide occurrences from aerial photographs were

coupled with field verification. In the study area we

identified 89 landslides. For each landslide, evaluation

Fig. 1 Topography of the study area
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during the field surveys involves completion of a data sheet.

It is organized into five information levels of increasing

detail.

The 1st level contains general information: region, munic-

ipality, topographic map and geographical coordinates X, Y.

The 2nd level contains data for the geology of the body to

move, the plan of slide and the basement that does not move.

The 3rd level provides data on morphology (lithology, land-

use, erosion, cause of activation). The 4th level contains

hydrogeological data (ground water, underground water

level, and springs). The 5th level contains geological engi-

neering data (type of movement, state of activity, humidity).

Based on the analysis of the landslide inventory and field

work, three major types of slope movements can be

identified. The rotational slides occur principally in Q

(moraine deposits) and N1
2h(c). The translational slides

occur in the Kryevidhi hills in the Nr
2rr(a) geological forma-

tion. Finally the earth flows occur only in N1
2h(c). The

average area of landslides is approximately 1.25 km2 and

the depths vary from 1.2 to 15 m. Some images of landslides

are shown in Fig. 3.

In this study, landslide susceptibility analysis was

performed objectively by using a statistical bivariate

method, namely the statistical index (Wi) method. This

method is based on a statistical correlation of a landslide

map with the different parameter maps.

Weighting values of each parameter sub-class are funda-

mentally based on cross tabulation data defining the spatial

correlation between the landslide inventory map and causa-

tive factors maps. To perform this, each thematic map was

overlaid and crossed separately with the landslide map using

ArcGIS 10.1. Weighting values were generated for each

parameter map in based of as the natural logarithm of the

landslide density in the class divided by the landslide density

in the entire map. This method is based upon the by (1) of

Van Westen

Wij ¼ In
Aij

Als
� B
ij

� �
ð1Þ

Where: Wij—The weight given to a certain class i of

parameter j, Aij—area of landslides in a certain class i of

parameter j, Als—total area of landslides in the entire map,

B—total area of the entire map Bij—area of a certain class i

of parameter j.

Landslide Causative Factors

The causative factors of the landslides are chosen after a

careful bibliographical review and field investigations.

These factors are as follows: geology, slope angle, aspect,

land use, seismicity, and distances from drainages, rainfalls

data are not taken in analyses because our study area is very

small and rainfall accumulation and intensity is more or less

homogeneous.

Fig. 3 Landslide pictures of the study area

Fig. 2 Geology of study area
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Geological Factor

Geology is considered as a fundamentally causative factor in

this research because strongly influences slope stability. In

this study, a digital geology map of the area is prepared

based on a combination of six geological sheet maps at

1:25,000 scales. The distribution of landslides occurrence

for geology and weight Wij values is shown in Table 1.

From the Table 2 can be noted that the N1
2h(c) formation

(Wij ¼ 1.23) and N2
2rr(a) formation (Wij ¼ 0.67) are more

favourable for land sliding compared to the other geological

formations.

Slope Factor

The slope is one of the principle factors affecting landslide

occurrence. The slope map of the study area is derived from

the DEM using Arc_GIS10. DEM is created from izohipse

which are extracted from topographic map with scale 1:

10,000. The map of slope classes is generated by separating

the slope angles into six different classes (1) 0�–10�, (2)
10�–20�, (3) 20�–25�), (4) 25�–30�, (5) 30�–40�, and (6)

>45�. The distribution of landslides occurrence for slope

angle and weight Wij values is shown in Table 2.

Analysis shows that slopes from 10� to 25� are more

prone to landsliding. It is a fact that fewer landslides occur

on mild and steep slope angles.

Slope Aspect

The slope orientation relative to the movement of the sun, is

another factor that can influence slope failure. The difference in

the amount of solar radiation received may result in differences

in soil temperature, moisture and soil thickness. The aspect

map of the study area is derived from the DEM created from

contour line which are extracted from topographic map with

scale 1: 10,000. The distribution of landslides occurrence for

slope aspect and weight Wij values is shown in Table 3.

From the Table 3 can be noted that West facing slope (Wij

¼ 0.63) and Northeast facing slope (Wij ¼ 0.54) are more

favorable for landsliding compared to the other slope aspects.

Land-Use Factor

Land-use is the factor related to the effects caused by human

activities on landslide occurrence. Excavation of steep

slopes for house building, agricultural terraces and defores-

tation is considered one of the main preparatory factors for

landslide occurrence. The land use map is provided from

ATTC (Centre for Agricultural Technology Transfer). The

distribution of landslides occurrence for land-use and weight

Wij values is shown in Table 4. From this table can be noted

that urban areas (Wij ¼ 1.52) and shrubs (Wij ¼ 0.81) are

more prone to landsliding compared to the other land-use

because human activities and modification of the landscape

play an important roles in triggering landslides.

Table 1 Geology classes, landslides and Wi value

Geology Area (%) Landslide area (%)

Statistical

index (Wi)

N2
2rr(b + c) 11 0 �3.65

AlQh2 1 0 �1.24

lQh2 2 0 0

AlQh1 41 0 0

N2
2rr(a) 10 19 0.67

N2
2h(dk) 1 0 0

N1
2h(c) 23 79 1.23

d_c_p_Qh 12 2 �2.04

Table 2 Slope classes, landslides and Wi value

Slope angle Area (%) Landslide area (%)

Statistical

index (Wi)

0�–10� 76 39 �0.6818

10�–20� 21 57 0.9879

20�–25� 2 4 0.9097

25�–30� 1 0 �0.2027

30�–40� 0 0 �1.3469

>40� 0 0 0

0�–10� 76 39 �0.6818

Table 3 Aspect classes, landslides and Wi value

Aspect Area (%) Landslide area (%)

Statistical

index (Wi)

Flat 18 0 �4.16

Northeast 9 15 0.54

East 9 9 �0.17

Southeast 11 10 �0.10

South 11 6 �0.66

Southwest 10 14 0.34

West 9 17 0.63

Northwest 15 18 0.22

North 9 12 0.28

Table 4 Distribution of landslides for land-use and Wij values

Land_use Area (%) Landslide area (%)

Statistical

index (Wi)

Agriculture area 60 17 �1.27

Not forested 21 42 0.69

Urban Area 6 28 1.52

Shrub 6. 14 0.81

River 1 0 0

Forest 6 0 �2.94

Agriculture area 60 17 �1.27
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Distance from Stream

The distance from streams is important parameter that

controls the stability of a slope. Rivers and streams are

extracted from topographic maps at scale 1:25,000. Streams

may adversely affect stability by eroding the slopes or by

saturating the lower part of material until resulting increase

in water level. Four different buffer areas are created in the

study area to determine the degree to which the streams

affected the slopes. The landslide occurrence in each buffer

zone and weight Wij is given in Table 5.

Analysis shows that distance from stream 0–25 m (Wij

¼ 0.71) and 25–50 m (Wij ¼ 0.44) are more prone to

landsliding compared to other distances.

Seismicity

The second major factor in the triggering of landslides is

seismicity. Landslides occur during earthquakes as a result

of two separate but interconnected processes: seismic shak-

ing and pore water pressure generation. The study area is

divided in two parts. The north part has a much higher

recurrence level for major earthquakes. The earthquakes of

this zone have a magnitude 3 > M > 5 and an intensity

I > VI. The southern part is characterized by micro earth-

quake with very low intensity and with magnitudes M < 2.

Landslide Susceptibility Map

All Wij layers for all the causative factors created in

Arc_GIS10 (Appendix) are summed by (2) in raster calculator

in Arc_GIS 10.1 to obtain landslides susceptibility index map.

The preparation of a landslides susceptibility map involves,

manipulating, analyzing and presenting these data in GIS

LSI ¼
Xn
j¼i

Wij ð2Þ

Where: LSI: Landslide susceptibility index, Wij- weight

of class i in parameter j, n-number of parameters. The Wij

maps of each different causative factor are obtained in

Arc_GIS 10.1.

The LSI values in the landslide susceptibility map Fig. 4

of the study area obtained using equation III-2 in raster

calculator. The landslide susceptibility index values range

Table 5 Distance from stream classes, landslides and Wi value

Distance Area (%) Landslide area (%)

Statistical

index(Wi)

0–25 m 15 30 0.71

25–50 m 14 21 0.44

50–100 m 23 22 �0.06

>100 m 48 27 �0.60
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from �2.2 to 0.89. For simplification the map interpretation

the LSI values are divided into three different susceptibility

classes, which are: low landslide susceptibility LSI <0.25,

moderate susceptibility 0.25 > LSI > 0.5 and high suscep-

tibility LSI > 0.5. From the comparison of the landslide

inventory map and susceptibility map, the area in the land-

slide inventory map showing where landslides occurred

matched the data on the landslide susceptibility map. The

area of each susceptibility classes and landslides occurrence

in this susceptibility classes are showed in Fig. 4.

Conclusions

Landslides susceptibility mapping is very necessary due to

the strong impact of landslide processes on people and

their goods. The landslide susceptibility map is a useful

tool in urban planning, specifically for the definition of the

land use zones and for the design of future construction

projects. The final landslide susceptibility map of the study

area indicates that the low, moderate, high classes respec-

tively cover 129.7 km2 (84 %), 14.3 km2 (9 %) and

10.5 km2 (7 %) of the study area. The detected landslide

areas in the low, moderate, high and very high landslide

susceptibility classes are respectively 0.11 km2 (9 %),

0.43 km2 (34 %), and 0.71 km2 (57 %). The high landslide

susceptibility zones are predominantly characterized by

the geological formation N1
2h(c), slope angles between

10� and 25� and west facing exposure and northeast facing
slopes, distance from streams 0–25 m, and an earthquake

zone with magnitude M > 3.5 and I > VII.. This prelimi-

nary map should serve as a positive model to be applied in

other region with similar geological conditions as Kavaja.
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Recent Extreme Rainfall-Induced Landslides
and Government Countermeasures in Korea

Su-Gon Lee and Stephen R. Hencher

Abstract

This paper describes the characteristics of recent landslides in South Korea. Case examples

are used to demonstrate failings in the way that the Korean authorities plan for and react to

such disasters. A plan for improved management is presented.

Keywords

South Korea � Rainfall-induced � Mitigation

Introduction

During 2011 many landslides occurred throughout South

Korean, triggered by heavy rainfall, and these resulted in

more than 60 fatalities, many injuries, damage to property

and traffic disruption. Most of the fatal landslides were

essentially anthropogenic, related to land development and

infrastructure rather than due to natural factors.

Case examples from 2011 serve to illustrate the ineffec-

tiveness of the Korean Government countermeasures with

respect to landslides. Generally when a serious event occurs,

restoration works are commenced immediately without any

attempt to investigate the cause and without any proper

design response process. Remediation tends solely to com-

prise the application of hard-covering to failure surfaces to

prevent further erosion, together with the provision of check

dams across valleys where debris flows have taken place.

These measures are implemented without any input from

specialist engineering geologists or geotechnical engineers.

Historically, persons injured or subjected to economic

loss as a result of landslides have sometimes taken legal

action against the Korean Government. The most usual

outcome of such actions is that experts appointed by the

courts follow the traditional stance of the Government and

simply conclude that landslide disasters are the natural

consequence of heavy rainfall. This is despite the huge

international literature (including Korean) that shows clearly

that many landslides are avoidable or that the risk may be

mitigated against in some other way including through good

design practice and land planning strategy (e.g. Lee and

Jones 2004). As a result claimants have generally lost their

cases and received no compensation. Furthermore because

of the lack of proper investigations of major incidents few

lessons are learned. As Hencher et al. (1985) concluded,

detailed study of landslides including back analysis is one

of the most fruitful ways of advancing knowledge of

landslide mechanisms to allow improved design and land

management. This practice of studying serious landslides in

depth, as part of a strategy to reduce landslide risk, is now

carried out routinely in Hong Kong (e.g. Ho and Lau 2010).

To date the Korean Government has resisted setting up a

special department tasked with reducing landslide risk

despite the apparent effectiveness of so doing in other

countries as in the establishment of the Geotechnical

Control (now Engineering) Office in Hong Kong in 1979

and GEO-RIO in Brazil.
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Korean Conditions

South Korea is a peninsula located in north-eastern Asia and

situated between China and Japan, with an area of

99,600 km2. The capital is Seoul and the nation population is

about 50,000,000. In general, the peninsula is mountainous

(about 70 % of the total area), but rarely exceeding 1,200 m

in altitude. The mean annual temperature is 10 �C, ranging
between �15 �C in winter and 30 �C in summer with four

distinct seasons. The average annual rainfall is about

1,200 mm, 60 % of which falls between June and August.

Vegetation cover is about 70 % of the total area of Korea.

The geology of the Korean peninsula is varied ranging

from Precambrian to Recent. Regardless of rock types how-

ever, the depth of residual soils is generally limited to a few

metres (Lee and deFreitas 1989). There is no recorded

case of slope failure triggered by earthquakes in Korea

(Lee 1993).

Characteristics of Slope Failure

In Korea, most landslides are triggered by intense rainfall

during typhoons and seasonal rain fronts from June to

September. It is evident that risk to life and property is

increasing as more development takes place on sites close

to steep natural slopes in mountainous areas.

In natural terrain, landslides generally occur on slope

sections inclined between 20� and 40�. Most such hill

slope failures are relatively small scale with run out lengths

of up to 20–30 m, and a width less than 10 m. Failure depth is

typically shallow and often less than 1 m and such shallow

landslides usually occur during heavy rainfall and are

associated with shallow perched water tables and erosion

processes (Hencher 2010). For channelized debris flows,

run-out lengths typically range from 100 to 500 m. Consid-

erable damage is often associated with erosion caused by

debris flows running along watercourses (Lee 1987, 1988,

1994; Lee et al. 2008; Shin 2013).

On average 60 fatalities and damage to property valued at

500–1,000 million US dollars can be attributed to landslides

annually in Korea. This is a high proportion of the annual

damage from all natural disasters (10–20 %). In addition,

traffic disruption is a frequent consequence of debris flows.

A high proportion of national roads and national highways

are located close to the bottom of main valleys and are

particularly vulnerable to the effects of debris flows from

side valleys. Despite such damage, disruption and rate of

casualties, as noted earlier, no single agency has been set up

in Korea to manage slopes on a par with the Geotechnical

Engineering Office (GEO) in Hong Kong (Lee 2002).

Recent Landslide Events

A large number of landslides occurred in South Korea as a

result of heavy rainfall (160–300 mm/day) which fell between

29 June and 27 July 2011. From analysis of density of

landslides vs. intensity of 24-h rainfall, mostly in Hong

Kong, rainfall intensity of about 300 mm per 24 h would be

anticipated to result in about 1 incident per square km; 160mm

would relates to a density of landslides about five times less

(Hencher et al. 2006). Fifty eight people were killed and 200

injured at 11 locations. Figure 1 shows the 11 locations.

The incidents (Seoul (Mt.Choan), Boeun, Gunsan,

Suncheon and Songchi) illustrated in Fig. 1 were associated

with damage to road infrastructure; those (Miryang,

Daejeon, Suncheon (Dugok), Seocheon, Boseong and

Chuncheon) shown in Fig. 1 involved damage to residential

buildings and houses.

Among the 11 cases, the Seoul landslides were the most

important events and these serve to illustrate some of the

current problems with landslide management in South

Korea. On 27 July 2011, there were many debris flows that

occurred simultaneously at Umyeonsan (Mt.) in downtown

Seoul (Fig. 2). The landslides resulted in 18 fatalities and

50 persons were injured.

Firstly it is noted that several major debris flows had

occurred on the same mountain on 21st September 2010 but

no attempt had been made to carry out studies to identify

causes, susceptibility and to initiate and preventive measures.

The immediate response was to carry out restoration

works instructed by forestry workers without input from

any geotechnical specialists. The restoration works were

aimed at reducing erosion by constructing drainage channels

with rock revetment (Fig. 3). The works were not designed

following any concept of safety protection—i.e. there was

no attempt to design works mitigating against further

landslides or preventing debris run out impacts. Thirty

percent of the planned restoration works had been completed

by November 14, 2011 when the Korean Government

concluded that the design was inadequate. A 2nd design of

restoration works was therefore produced by the end of

January 2012, but the concept of the 2nd design was almost

the same as the original design.

A safety investigation report was completed at the end of

November 2011 by the Korean Geotechnical Society but this

simply demonstrated the link to rainfall and presented

photographs of the landslides. There was no attempt to
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Fig. 1 Locations of fatal landslides that caused 58 deaths and many injuries between 29th June and 27th July 2011

Fig. 2 Twelve large landslides occurred associated with 230 mm

rainfall at Mt. Umyeon, Seoul on 27th July 2011. The landslides caused

18 deaths and 51 were injured. The proximity of a military camp at the

top of the mountain and pedestrian roads across the mountains may

have led to concentrated flows and been a major contributory cause of

the landslides (a). Just after landslides (27th July 2011) (b)
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examine the causative mechanisms or to model the

landslides which might have given some insight into

avoiding further occurrences at this location. Furthermore

the KGS report failed to consider anthropogenic influences

that may have served to concentrate flows and infiltration. In

particular the proximity of some of the landslides to a

military camp at the top of mountain and to pedestrian

roads was ignored.

In this event, the Seoul Government recognized that the

safety report was not sufficient so a 2nd safety investigation

report was requested and conducted by another organization

(Korean Society of Civil Engineers). This investigation was

carried out between June and November 2012. By this time

the remedial works (designed by forestry workers to reduce

erosion only) were almost complete and most of the

evidence that might have been used to deduce the cause of

landslides had been destroyed. The 2nd safety report was

criticized as inadequate by some Korean geotechnical

engineers.

As noted earlier, the Government tends to judge the

cause of (and responsibility for) landslides on the basis of

professional reports. In this case the victims of the Seoul

landslides have not been compensated for their losses from

the landslides because of the 1st and 2nd safety investigation

reports that simply concluded that the Seoul landslides were

inevitable natural disasters due to heavy rainfall. The fact

that no preventive or other mitigation action was taken

following earlier landslides at nearby locations, and the

technical inadequacies of the reports themselves, seem to

have been ignored. Elsewhere in the world, geotechnical

engineers are able to design preventive works to avoid or

protect the population from landslides and professionals take

responsibility for safety of slopes but in Korea landslides are

always treated as natural occurrences over which we have no

control at all.

In summary it can be argued that the Government

action was too hasty with a wish to do something, however

superficial before the next rainy season and without proper

Fig. 3 Remediation works in progress, based on the concept of erosion

control rather than landslide prevention (2 million US dollars). (a) Just

after landslides (July 27, 2011), (b) restoration works with rock blocks

(Aug 31, 2011), (c) restoration works were started immediately after

landslides (photos on Aug 31, 2011), (d) design report was completed

on November 14, 2011
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investigation to deal with the landslide risk even at this

specific location systematically and effectively.

Conclusions

Recent fatal landslides occurred in 2011 can be attributed

at least in part to human activities such as infrastructure

development without proper consideration of adjacent

slopes. Examples include construction of an army camp,

a forest road, cemetery and other tombs and, in one case,

development of a vegetable garden and fruit farm. The

practical consequences appear to be compounded by a

lack of clear responsibilities and an associated lack of

willingness to operate in the context of the broader

geomorphological and geological setting when planning

and designing construction works.

Every year similar events occur through South Korea.

Having reviewed many cases, it does seem that many of

the landslide problems are exacerbated by a lack of

understanding of the hazards and risks associated with

landslides by Government authorities and generally

throughout the construction industry.

For the last 20 years Korean landslide specialists have

urged the Seoul Government of the need to establish

landslide prevention and mitigation systems. In the

event, whilst the Government is reluctant to spend

money for landslide prevention measures before landslide

events, they are forced to spend probably comparable

amounts of money only after landslide events.

It is concluded that the establishment of a management

agency, with some similarities of function with the GEO

in Hong Kong, would have some value, particularly

in mountainous city areas and areas of intensive

development in Korea. Such an organization should

inspect and assess existing slopes and take a lead in

standardizing design and construction criteria for new

developments in mountainous areas.
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How the Stabilizing Effect of Vegetation on a Slope
Changes Over Time: A Review

Wei Meng, Thom Bogaard, and Rens van Beek

Abstract

The principles of slope stabilization through vegetation are well known but substantial

uncertainty remains about its transient effects, for example that of a forest stand throughout

its life cycle. This comprises direct impacts but also more indirect ones that influence soil

development that can be important but also difficult to observe and quantify. Often these

effects are ambiguous, having potentially a stabilizing or destabilizing influence on a slope

under particular conditions (e.g., more structured soils leading to both rapid infiltration and

drainage).

The overall aim of this research is to review the changing (de-)stabilizing effect of forest

stands on potentially unstable slopes. Here we focus on the combined hydrological and

mechanical effect as a function of temporal forest stand dynamics. To this end, we

reviewed the fragmented literature on the life cycle of stands with respect to their water

use, or more specifically their role in the water cycle and with respect to the development of

root strength, particularly root density, area and root strength. We highlight that the life

cycle of a forest stand has clear influence on the stability of a slope. The review will also

identify knowledge gaps and future research needs.

Keywords

Slope stability � Forest stands � Long-term effect

Introduction

Vegetation is used to stabilize shallow landslides for its

hydrological and mechanical effects. The role of forest

stands in the hydrological cycle consists of the canopy and

forest floor intercepting rainfall and roots extracting water

from the soil by transpiration. Low soil water content

favours slope stability. In contrast, high soil water content

generates positive pore pressures, which reduce the shear

strength according to Terzaghi’s principle of effective stress.
Mechanically, deep rooting of vegetation stabilizes a soil by

increased root strength, anchoring and buttressing.

The occurrence of landslides is often related to soil

hydrological condition. Rainfall with certain intensity and

duration always leads to increased soil pore pressures

[positive pressure in the saturated zone or decreased soil

suction in the unsaturated zone (Van Asch and Sukmantalya

1993)] and this results in reduced soil strength and possibly

to slope failure.

The interaction of the forest on the hydrological cycle has

been recognized for a long time. For example, abundant

research attention has been dedicated to the effect of forests

on floods (Troendle and King 1985). Andréassian (2004)

reviewed the hydrological studies on the effect of vegetation
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on the hydrological cycle and placed it in a historical

context. He demonstrated that previous studies mostly

focused on the impact of land-use change on annual flow,

flood peaks, low flows and baseflow in a catchment.

Those were conducted normally based on reforestation or

deforestation actions with a catchment or within catchment

comparison studies. However, less studied is the impact of

gradual changes of forest growth on the water availability in

a catchment or in a soil profile.

The mechanical effect of vegetation relates mainly to

root reinforcement. Based on field and laboratory work

respectively Wu (1976, 1979) and Waldron (1977)

developed a simple root reinforcement model to quantify

shear resistance of a rooted soil column. It requires

knowledge of the tensile strength of the roots and the cross-

sectional area of fibers crossing the shear plane. The Wu and

Waldon Model assumes that roots within the soil column

reach maximum tensile strength simultaneously. However,

this assumption has been challenged as a more progressive

failure of roots takes place in reality. The Fiber Bundle Model

(Pollen and Simon 2005) was proposed as an upgrade for the

Wu and Waldon Model and hypothesized that the roots break

progressively during the soil failure process which results in

lower estimations of the maximum root reinforcement.

Moreover, the mechanical effect of forest on slope stability

also changes due to root evolution. Generally speaking, the

decreasing cellulose contents in roots leads to less flexible,

more brittle roots. This, and a decreased renewal of roots,

could lead to more variable and lower reinforcement in older

stands. However, although the development of root tensile

strength has been investigated (e.g. Genet et al. 2008) together

with the change in spatial distribution of roots, this was done

mostly on agriculture crops (Burns 1991; Bouillet et al. 2002).

Studies on how root reinforcement in forest stands develops

spatially and temporally are rare.

The aim of this paper is to summarize existing but

fragmented knowledge on age-dependent characteristics of

trees and forest stands in order to show its effect on the long-

term slope stability. This comprises the effect of life stages

on both water use, root evolution and stand development. As

exact characteristics are species dependent, we will focus on

similar trends and patterns; several examples will be given

where we focus on perennial, woody vegetation.

Age-Related Changes of Individual Trees

General Growth and Development Trends for
Tree

Trees grow gradually by assimilating water and carbon

dioxide with solar energy and converting this to biomass

using nitrogen and minor nutrients. It is well recognized that

growth of trees is strongly dynamic. It fluctuates within

seasons, from year-to-year as well as within a life span of

maybe a century or more. Although, highly variable growth

patterns are attested for different species and at different sites,

trees go through expansive, stable, and declining growth

phases. Schematically, tree growth follows a clear age-related

trend (Fig. 1). Previous studies described this pattern of tree

growth based on its morphology and physiology. For

example, Jacobs (1955) proposed juvenile sapling, pole,

mature (early), mature, mature (late) and overmature for

Eucalyptus maculate; Woodgate et al. (1996) used regenera-

tion, regrowth, mature and senescing in their studies in New

SouthWales, Australia for old-growth forest and George et al.

(2005) talked about seeding, sapling, pole, mature phases for

Eucalyptus camaldulensis, also in South Australia.

Summarizing, in young forests, growth accelerates as the

canopy closes. It declines after a stable period of maximum

canopy as fewer leaves will be present relative to the size of

a tree. Studies on tree growth over time have shown clear

relationship between age and tree stand characteristics,

such as LAI (leaf area index). Since leaf area is a crucial

determinant of photosynthesis, allometric relationships are

used in forestry and ecology to estimate growth potential of

trees through LAI (Barclay 1998). Table 1 gives a review of

age-related LAI for different species. As a general trend it

can be concluded that LAI reaches a peak at the first few

years of the mature stage and then declines. As an example,

Watson and Vertessy (1996) proposed the following

equation for LAI development of Eucalyptus regnans:

LAIash ¼ 11:014A� 1:624 A� 5:04ð Þ1:180

� 3:592 A�5:04ð Þ �0:319ð Þ ð1Þ

where A is the stand age in years. This equation has been

demonstrated 10–32 % error in predicting LAI for stands

less than 60 years old. Although we focus on the long-term

development here, it should be emphasised that the LAI is

not constant over the year due to seasonality.

Fig. 1 Diagram of typical growth stage for Eucalyptus by Woodgate

et al. (1996), which is modified from Jacobs (1955), from left to right,
there are regeneration, regrowth, younger mature, older mature,

senescent (late mature), and senescent (overmature)
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Other morphology indices are also used to study tree

growth although they are usually correlated with LAI. For

example, tree height, DBH and sapwood area. Tree height

increases in its young stage rapidly and then slows down or

even reaches a plateau (Köstner et al. 2002). Also the

increase in DBH slows down with age (Köstner et al.

2002). And lastly, the sapwood area was shown to be line-

arly correlated with LAI (Forrester et al. 2010). However,

Köstner et al. (2002) reported a shift in relationship between

sapwood area and LAI between 40 years old and older Picea

abies stands. In even-aged Picea pinaster stands, sapwood

area increased in young stages (32 years old) and remained

constant at about 20 m2 ha�1 for older stages.

The Explanation of Allometry Growth

The observation of age-related growth relates to the internal

physiological dynamics and can be explained by the age

effect on mass and energy exchange, particularly of carbon

and water (Kowalski et al. 2003; Law et al. 2001, 2003). The

decline with age in above-ground productivity has been

known from observations of tree morphology. A widely

accepted early hypothesis is that growth respiration declines

as maintenance respiration increases, and that meanwhile the

photosynthesis capacity of the tree reaches a plateau due to

the constant leaf area (Kira and Shidei 1967; Yoda et al.

1965; Waring and Schlesinger 1985; Oliver and Larson

1996). This assumption is based on photosynthesis capacity

versus growth and maintenance respiration (Yoda et al.

1965; Whittaker and Woodwell 1968). It implies that the

supply of resources, acquisition of resources, and efficiency

of resource usage remain constant. However, later

measurements showed that the increased sapwood respira-

tion (as part of the maintenance respiration) did only account

for a small fraction of productivity decrease (Ryan and

Waring 1992; Magnani et al. 2000). Even, the total stem

respiration was lower in the older than in the younger

subalpine lodgepole pine stand. Other possible explanations

on the decline of productivity with age were summarized by

Ryan et al. (1997): (1) increased hydraulic resistance;

(2) decreased nutrient supply; (3) reduced leaf area caused

by crown abrasion; (4) increased reproductive effort; and

(5) genetic changes with meristem age. In a review, Weiner

and Thomas (2001) repeated these hypotheses.

Another point of view is that a larger proportion of the

produced biomass is below rather than above ground. This

was initially proposed by analysing the simulation results of

the G’DAY model, which describes C and N dynamics in an

ecosystem (Murty et al. 1996). It demonstrated that declin-

ing above ground productivity was related to nutrient avail-

ability which was influenced by litter accumulation on the

soil and increasing allocation of below ground biomass. The

below/above ground biomass allocation shift was supported

by observations (Ryan and Waring 1992; Vanninen et al.

1996) and synthetic results (simulation and observation)

from Magnani et al. (2000) for P. sylvestris stands.

Moreover, it was shown to be consistent with observations

for other species (Santantonio 1990).

The age-related decline in tree growth was also partly

explained by a shift of root/shoot ratio. However, the most

promising idea was that the hydraulic resistance slows down

the tree growth because of longer stems and longer branches

(Ryan and Yoder 1997; Delzon et al. 2004). Early studies on

gas exchange found stomata closure caused by higher

hydraulic resistance (Sperry and Pockman 1993; Sperry

et al. 1993; Teskey et al. 1983), and it was a result of

increased xylem path length (Yoder et al. 1994; Hubbard

et al. 1999). This is a ‘self-protect’ mechanism to prevent

trees from xylem cavitations when leaf water potential

decreases over a day (Tyree and Sperry 1988; Zimmermann

1983). Ryan et al. (2006) revisited their hydraulic limitation

hypothesis and concluded that hydraulic limitation of

gas exchange is proven and exists but is not universal.

Trees also compensate the effects of increased path length,

i.e. physiological changes with tree height.

Moreover, some studies conducted direct measurement on

hydraulic resistance for young and older stands. For example,

Mencuccini and Grace (1996) showed that the hydraulic

conductance in 30 m tall, 270 years old ponderosa pine trees

was only half of that in a 10 m tall, 40 years old trees. Later

on, quantifying hydraulic response to trees height was based

on a simple hydraulic model (see Delzon et al. 2004):

EL ¼ gsD ¼ KLΔΨS�L ð2Þ

where EL is the tree transpiration rate per unit leaf area; gs is

the stomatal conductance per unit leaf area, D is the air water

vapour saturation deficit; KL is the leaf-specific hydraulic

conductance between the soil and leaves; and ΔΨS-L is the

soil-leaf hydraulic gradient. The equation assumes that leaf

temperature equals the air temperature, and stem water

storage is negligible.

This equation expresses the demand and supply mechanics

in the body of a plant. In the equation, ΨS depends on soil

properties, and ΨL is the hydraulic head in leaves which has a

minimum threshold of �2 MPa (Delzon et al. 2004) due to

hydraulic homeostasis (Yoder et al. 1994; Hubbard et al.

1999; Ryan et al. 2000; Bond and Kavanagh 1999; Cochard

et al. 1996; Saliendra et al. 1995). KL was observed to

decrease with height of trees (Mencuccini and Grace 1996;

Hubbard et al. 1999; Ryan et al. 2000; Phillips et al. 2001;

McDowell et al. 2002). Finally, EL declines with increasing

tree height.
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Some mechanisms adapt and try to offset the decrease

in hydraulic conductivity, such as: (1) xylem vessels are

developing with increasing permeability (Pothier et al.

1989); (2) decreasing leaf area-xylem area ratio; (3) increas-

ing ΔΨS-L (Hacke et al. 2000). However, these physiological

adaptations of trees cannot compensate the declined tree

growth. Furthermore, the stand structure dynamics influence

the decline in productivities which we will elaborated later.

In all, the decline with age seems associated with height

growth, decreased hydraulic conductivity, below ground

allocation, nutrient limitation, and declined leaf area, etc.

All the effects influence and strengthen on each other.

Evidence of Age-Dependent Water-Use by
Individual Trees

Weighing lysimeters, large-tree potometers, ventilated

chambers, radioisotopes, stable isotopes and an array of

heat balance/heat dissipation methods have been used to

provide quantitative estimate of whole-tree water use

(Wullschleger et al. 1998).

Sap flux measurement enables to give us individual tree

or stand transpiration (Cohen et al. 1985; Green and Clothier

1988; Hatton and Vertessy 1990). Measurements of sap flow

velocities were multiplied by sapwood cross-section area to

computer transpiration flux in individual trees (Vertessy

et al. 1995). Delzon and Loustau (2005) scaled up mean

sap flux density to the overstorey transpiration (ET) by using:

ET ¼ QsS�1
Xn
i¼1

AS,LC, iCið Þ ð3Þ

With QS is the mean sap flux density under the live

crown, S the ground area for the stand, AS,LC,i, the sapwood

area below the live crown of tree i, n the number of trees per

stand and Ci a correction factor for individual tree sapwood

area.

The results from the sap flux method are restricted among

others by water supply condition, aspect of tree to the solar

radiation, other vegetation growth conditions and the depth

of sensors to cambium. For example, sap flux density

fluctuates during day and night due to radiation changes

(Ford et al. 2007), which also explains why sap flux mea-

surement devices give variable results as a consequence of

the aspects of a forest to solar radiation (Lu et al. 2000).

Moreover, Köstner et al. (1996) showed measured sap flux

densities at four depths beneath the cambium with identical

diurnal variation pattern but value differences of up to 50 %.

However, monitoring for longer time periods and statistical

analyses will help improving the accuracy of sap flux

records.

Forest Stand Development

Forest Stand Development and Gap Features

A stand development is an interaction between individual

trees in a population (Hutchings and Budd 1981). A stand

starts with relatively small trees without competition for

resources. Then, the competitive interaction begins with

increment in size. Some trees die in this competition.

A stand is at the peak of its tree vigour when the canopy is

closed. However, the trees finally get too old to maintain this

closed canopy, and gaps in the stand appear. Independent of

stand density the canopy will close (Long and Smith 1984).

Westoby (1977, 1981) suggests a relationship between tree

size and stand density for a stand.

Stand structure development induces heterogeneous

dynamics within it. The internal heterogeneity in mature or

old-growth forest was known as ‘gaps’ and ‘islands’ within
closed forest stand. Gaps form when one or a few individual

trees die, break or uproot (Yamamoto 1996). The size of

gaps is around 30–140 m2 in warm-template forest and

accounts for 5–31 % of the stand area (Yamamoto 1992),

around 90–125 m2 in tropical forest which accounts for

3–23 % of stand area (Brokaw 1985). Generally there are

more small sized gaps than large-sized gaps (Yamamoto

2000). The relationship between gaps size and number is

described as negative exponential (Brokaw 1982; Foster and

Reiners 1986; Lawton and Putz 1988; Spies et al. 1990;

Yamamoto 1997) or lognormal (Naka 1982; Runkle 1982;

Spies et al. 1990) in various forest types. Gaps provide a

different environment which is important for the regenera-

tion of new trees. The effect of gaps on forest stand ecology

are: (1) canopy opening in stand with increase in light and

rainfall; (2) root distribution heterogeneity (Mao et al.

2011); (3) regeneration within gaps means young generation

complexity (Oliver 1980); and (4) affect understory

vegetations (Kato and Yamamoto 2000).

In a self-thinning stand, the most accepted theory

describes the stand structure development with a relationship

between average size of trees and maximum density (Yoda

1963).

Y ¼ KρA ð4Þ

Where Y is mean tree size (grams), ρ is the stand density

(plants m�3), K and A are constant. It was already proven

that A is not influenced by site conditions, species or initial

density (Yoda 1963; White and Harper 1970; Gorham and

Ingersoll 1979). When the mean tree size refers to the

weight, and A is taken as 1.5, K varies between 103 and

104 (g cm�3) (White 1981).
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The formula not only provides a relation between average

tree size and possible maximum density in a self-thinning

forest stand (White 1981), but also indicates the upper

boundary of the so called ‘full density curve’ (Ando 1968)

or ‘maximum size and density’ (Drew and Flewelling 1977).

Instead of average weight of plants, the diameter at breast

height can also be taken as proxy for tree size. The size and

density relation then becomes (Reineke 1933; Curtis 1970):

DBHQ / ρ�0:625 ð5Þ

where DBHQ is the quadratic mean diameter at breast height.

The size-density line represents both the maximum density

according to the diameters and the self thinning trajectory of

individual stand (Long and Smith 1984).

The stand self-thinning process and heterogeneity of tree

distribution in a forest result in dynamic reinforcement of

roots in a soil. In that respect, gaps in forested areas could

have higher landslides occurrence. Measurements by Mao

et al. (2011) showed approximately three to five times

differences in soil cohesion due to root spatial variation in

tree islands and gaps. Moreover, Genet et al. (2008)

suggested that low root density due to large distance

between trees may give rise to the chance of soil failure.

However, although the heterogeneity of root reinforcement

of soil has been recognized for long time (Roering et al.

2003; Stokes 2007), to our knowledge there are few

observations on prevailing occurrence of landslides in

forest gaps.

Age-Dependent Water Use on Stand and
Catchment Scale

Different methods have been applied to study how water use

of an entire forest stand changes in response to vegetation

growth, i.e. direct measurements on evaporation with large-

scale lysimeters and indirect calculations of evaporation

using long-term water balance records on catchment scale.

Lysimeters are devices designed for measuring evapora-

tion and transpiration to study water use by vegetation

(Howell et al. 1998). Precision lysimetry directly depends

on lysimeter size (area and mass) and type. Many lysimeters

have accuracies better than 0.05 mm of water (Howell et al.

1995; Liu et al. 2002). As an example, a ‘natural’ lysimeter,

which comprises 26 mature spruce trees, was installed close

to the centre of Hafren forest of central Wales to measure the

water loss of forest due to transpiration and evaporation of

interception water. A time integral of the evaporation vapour

flux was given by the 84 m2 lysimeter, amounting to twice the

open water evaporation (Calder 1977). A 2,600 m3 lysimeter

was used to monitor water fluxes in a Pinus sylvestris forest

since 1974 in Colbitz, Germany. The decline of drainage from

the lysimeter reflected the increased water use accompanying

growing vegetation (Struthers et al. 2003).

In contract to the direct lysimeter measurements, many

studies rely on long-term water balance records to extract

forest stand evaporation. The vast majority of these studies,

based on catchment water balances, studied on the effect of

land use change and concluded that deforestation increases

outflow of a catchment while afforestation decreases it

(Andréassian 2004). However, some of those studies found

that after reforestation, the catchment outflow changed

with forest growth. Bosch and Hewlett (1982) summarised

catchment hydrology data and showed that the effect of

vegetation on water yield could be determined with fair

accuracy and that it is proportional to the vegetation

cover. An interesting, long-term observation stems from

monitoring streamflows before and after a large wild fire of

Mountain Ash (Eucalyptus regnans) in south-eastern

Australia (Langford 1976; Kuczera 1985, 1987). Several

years after the wildfire, when re-growth of a new generation

of forest had started, the streamflow declined below pre-

wildfire conditions. The following studies established

relationship between catchment discharge and age-related

water use by forest. The final results indicated that recovery

in streamflow yield should be practically complete by the

time the Mountain ash stands reached maturity (Kuczera

1987).

Scott and Prinsloo (2008) performed a quantitative study

on the long term effects of afforestation with pine and

eucalypt stands on streamflows in South Africa. Plantation

of the two species caused large reductions on streamflow,

also positively related to available water. 5 year old pine

plantation and 3 year-old eucalypt stand reduced the peak of

streamflow with 44 mm a�1 and 48 mm a�1 for each 10 % of

catchment planted respectively. The reduction decreased

progressively and could not be observed anymore after the

stands had matured to 30 years old pine and 15 years old

eucalypt trees.

Marc and Robinson (2007) reviewed long-term water

balance results of Plynlimon catchments in mid-Wales, UK

and assessed the impact of logging and land cover change.

They evaluated the annual catchment evaporation via P-Q,

where P is precipitation and Q is streamflow. The water

balances of two subcatchments were compared, that of the

Severn with 70 % forest cover and of the Wye with grass-

land. There was a reduction in ‘excess’ evaporation from

250 mm in 1972 to 150 mm year�1 1982 (‘excess’ evapora-
tion by forest at Severn compared to grassland at Wye). This

reduction in ‘excess’ evaporation in 10 years was explained

by the relation between tree age and evaporation rate.

Clearly, Marc and Robinson (2007) also admitted there

are uncertainties in such a water balance approach which

influence the exact quantification of the age-related

transpiration.
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Delzon and Loustau (2005) employed a water balance

calculation. The study was carried out on a chronosequence

of four even-aged maritime pine (P. pinaster Ait.) stands in
southwest France. The results showed drastic decline of

overstory transpiration from 508 mm a�1 to 144 mm a�1

from 10 to 54 year old stands. Interestingly, this decline in

transpiration from the overstory was (partly) compensated

by increase transpiration by the understory following an

increase in its leaf area.

Age-Dependent Development of Root
Morphology and Root Cohesion

Generally speaking, three factors influence root reinforce-

ment of soils: the mass of roots, its distribution and the

tensile strength and these factors all change over the life

span of a forest stand. As fine roots (<2 mm; Claus and

George 2005) are most important for water and nutrient

uptake, eco-engineers and ecologists focus on fine roots

when looking at the evolution of stands.

Vogt et al. (1983, 1987) published root biomass data for

fifteen Douglas-fir dominated forests aged from 11 to 160

years old. The results showed that root biomass reached a

maximum with canopy closure and thereafter either

decreased or stabilised in the two studied Douglas-fir stands.

Claus and George (2005) investigated fine root biomass and

biomass distribution in different age-classes of three Euro-

pean forest chronosequences in mixed stands dominated by

Fagus sylvatica L., Picea abies K., andQuercus cerris L. and

described root biomass development in three phases: a fast

increase in young stand; a peak in adult stands with a slow

decline afterwards and lastly a steady-state root biomass in

mature stands. Moreover, root development estimation

in Japanese cedar (Fujimaki et al. 2007) demonstrated

maximum root biomass (639 g m�2) appeared in a 15-year

old stand, just before canopy closure and showed a fall in

root biomass in the 30-year-old stand (422 g m�2), where

after it remained constant.

In contrast, Finér et al. (2007) compiled a fine root

biomass database of three main European species and

showed the ambiguity of the relationship between root

biomass and age: e.g. fine root biomass of beech stands

decreased with age whereas that of pine stands increased

with stand age. They also showed that climate was a factor to

consider in this relationship. In another review, Finér et al.

(2007) showed there is a positive relationship between fine

root biomass and above-ground biomass.

According to the literature, most fine roots concentrate in

the shallow soil. There is no generic principle on how fine

root distribute vertically with regard to forest stand age.

Genet et al. (2008) demonstrated that the cumulative root

density distribution with regard to depth was approximately

the same in juvenile, intermediate and mature stands, with

50 % of the total fine root density in 0.1–0.2 m below soil

surface. However, data from P. kesiya forests in India

showed in a 6-year old stand, 77 % of total fine roots in

0–20 cm layer. In contrast, in 15- and 23-year old

stands more fine roots were present in deeper soil layers

(John et al. 2001).

Almost no published data exists on the development of

root tensile strength as function of aging forest stands. Genet

et al. (2008) showed root tensile strength in three Cryptome-

ria japonicas stands in China aged 9, 20 and 30 years old.

Root tensile strength varied from 22.6 to 25.3 MPa and 31.7

MPa respectively. However, root tensile strength is one

component determining the soil additional root cohesion.

The others are root biomass (root density) and root distribu-

tion. Overall the results of Genet et al. (2008) showed that

soil additional root cohesion was lower in intermediate aged

plantation than in the juvenile and mature plantations.

Although crucial for soil strength, knowledge on the

development of roots over the life cycle of woody vegetation

in terms of root density, root distribution and especially root

tensile strength seems limited. However, it is clear that

generic conclusions on age-dependent development of

roots are cumbersome as data collection is very time

consuming and depending on species, climate and other

a-biotic and biotic local conditions.

Summarizing How Vegetation Life Stages
Can Affect Slope Stability

The aim of this review is to show the dynamic (de-) stabilizing

effects of forest stands on potentially unstable slopes. This

review discussed the hydrological and mechanical aspects of

vegetation on slope stability by looking at knowledge on the

behaviour of individual trees as well as of forest stands over

their life cycle. Individual trees show a development over

their life span from fast growing to a stable phase with mainly

maintenance respiration and finally decay. This is directly

related to the water (nutrient) uptake from abundant water

use to significantly lower amounts. In forest stands the same

type of pattern arises, from many young trees competing for

resources to increasing lower stem densities in mature

stands with also regular gaps developing. Hydrologically,

the transpiration changes over life cycles of forest stands are

very well known: trees in mature forest stands have been

shown to transpire less water than juvenile forest stands,

leaving more water yield in the streams—and thus higher

groundwater levels in the catchments. The latter is supported

by a long list of scientific literature, both on species as on

stand scale. However, there are almost no studies published

linking the long-term hydrological effect of vegetation stands

on the probability of landslide occurrence with the exception
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of landslide occurrence linked to a phase of root decay after

wildfire, forest diseases or felling (e.g. Johnson and Wilcock

2002). Meng et al. (2012) presented a proof-of-concept and

showed using a theoretical modelling approach that the

hydrological effects can significantly influence the probability

of slope failure. Of course, depending on the specific

conditions and species and not taking into account the

mechanical effects of aging forest stands.

In contrast, the knowledge of the mechanical effects

of trees via root reinforcement is more constrained to

individual species and not yet looked at on stand scale.

Clearly, it is very hard to collect that information, especially

when both spatial and temporal scales are involved.

However, we also identify some lack of empirical informa-

tion in scientific literature on the (absence of a) relationship

of stand development and landslide occurrence. To under-

stand the practically unlimited amount of interactions that

act in a forest ecosystem and its influence on slope stability

(landslide occurrence?), a combined effort is needed of

compiling empirical evidence from existing landslide

inventories and forest inventories, which are not always in

the public domain, together with detailed process studies and

model experiments at the stand and catchment scale. This

will help us to understand these interactions and effectively

apply forestry as protection measure for slope stability.
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Andréassian V (2004) Waters and forests: from historical controversy

to scientific debate. J Hydrol 291(1–2):1–27

Barclay HJ (1998) Conversion of total leaf area to projected leaf area in

lodgepole pine and Douglas-fir. Tree Physiol 18(3):185–193

Bond BJ, Kavanagh KL (1999) Stomatal behavior of four woody

species in relation to leaf-specific hydraulic conductance and

threshold water potential. Tree Physiol 19(8):503–510

Bosch J, Hewlett J (1982) A review of catchment experiments to

determine the effect of vegetation changes on water yield and

evapotranspiration. J Hydrol 55(1–4):3–23

Bouillet J-P, Laclau J-P, Arnaud M, M’Bou AT, Saint-André L,
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Analysis of a Deep-Seated Landslide in the Phan Me
Coal Mining Dump Site, Thai Nguyen Province,
Vietnam

Do Minh Duc, Nguyen Manh Hieu, Kyoji Sassa, Eisaku Hamasaki,
Khang Dang, and Toyohiko Miyagi

Abstract

A large landslide occurred at the Pha Me coal mining dump site at 4:20 AM on 15 April

2012, buried a huge area, including tens of houses and seven persons. There was no

abnormal weather or seismic activity at the time of the landslide. A joint work between

Vietnamese and Japanese experts was carried out to investigate characteristics and reasons

of the landslide. The achieved results show that coal mining wastes are disposed of on low

hill sites where granitic bedrock was intensively crushed due to tectonic activity.

Weathering crusts include rich clays of over 15–20 m in thickness. The landslide has a

volume of about 2.5 million m3, with a slip surface cut through weathering soils at a depth

of about 10 m. The scarp of the landslide departs at an approximate elevation of 85–100 m.

Travel distance is 300–350 m. Sliding materials are primarily mining wastes. However the

sliding surface is defined to be situated at the depth of 12–15 m in the residual soils. There

are two significant causes of the disaster. Firstly, the waste dump site plays a role as a

water-storage layer which keeps residual soils permanently saturated. The second cause of

the deep-seated landslide is over-loading of mining wastes. Prior evidences of the landslide

such as cracks at the top, heave at the trough of the dump site were recognized a week

before, however they were not seriously considered.

Keywords

Deep-seated landslide � Coal waste dump site � Residual soils � Slope stability � Vietnam

Introduction

In recent years, landslides have occurred in dumps of munic-

ipal solid waste (Blightw and Fourie 2005, Yilmaz and

Atmaca 2006) and coal mine waste (Geertsema et al. 2006,

Steiakakis et al. 2009), which are artificial mountains with

heights of nearly a hundred meters. They are not only dam-

aging the environment but are also dangerous to human life

and property. For example, the Buffalo Creek disaster in the

USA in 1972 that killed 118 people, made 4,000 homeless

and destroyed 50 million US dollars worth of property and

facilities. The flow slide that occurred in the Umraniye—

Hekimbasi refuse dump in Turkey in 1993 killed 39 people

(Blightw and Fourie 2005).

Phan Me coal mine is situated in Thai Nguyen province,

Northeast Vietnam (Fig. 1). Established in 1960, it had an
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initial designed capacity of 50,000 t of coal per year.

Recently, the mine had two sites of exploitation: North

Lang Cam open pit mine with a reserve of 1,560,000 t,

designed capacity of 100,000 t per year and South Lang

Cam pit mine with usable reserves of 1,640,000 t, designed

capacity of 30,000 t per year. The mine has three waste

dump sites which are about 2–3 km away from the open pit.

A large landslide occurred at a dump site of Phan Me coal

mining at 4:20 AM on 15 April 2012, buried a huge area,

including tens of houses and seven persons. There was no

abnormal weather or seismic activity at the time of landslide.

The achieved results show that coal mining wastes that were

disposed of on low hill sites where bedrock is intensively

crushed due to tectonic activities. This paper aims to define

characteristics and causes of the landslide, including slope

stability analysis of the Phan Me coal mining waste dump

site using SLOPE/W software.

Study Methods

Site Investigation

After the landslide occurred, a research group investigated

the boundary of the landslide by using a GPS Garmin 72

with an accuracy of �5 m. Boundary of the landslide was

marked on the topography map, at a scale 1/10,000 and a

Google Earth image. In-situ density of coal mining wastes

and clay layers were also determined by digging holes and

taking undisturbed samples, respectively (Fig. 2).

Waste materials mainly include sand, gravel and

boulders. In order to determine the average internal friction

angle of the waste materials, the internal friction angle of

each kind of material was measured after landslide event. In-

situ samples included waste materials and weathered clay

and were retrieved to determine physical and mechanical

parameters that were used for stability analysis as density,

effective cohesion, and effective internal friction angle.

Laboratory Tests

Undisturbed samples and disturbed samples were taken from

the site including weathered clayey soil and material from

the dump site for laboratory tests. Tests were performed

according to the specifications of ASTM (American Society

  

Phan Me dump 
site area 

Fig. 1 Location of the study area

Fig. 2 Determine in-situ density of waste materials by digging hole
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for Testing and Materials 2001). Grain size analysis was

conducted by the wet sieve method with sieve sizes of 20,

10, 5, 2.5, 1, 0.5, 0.25, 0.10, and 0.05 mm, respectively.

Effective internal friction angle and cohesion of residual

soils were determined by direct shear test (ASTM 2001

D3080). Density of soils was determined in both natural

condition and saturated condition.

The other data used in the study includes topographic and

geological maps at a scale of 1: 50,000 and data on the

exploitation activities at the Phan Me coal mine.

Results and Discussion

Topography and Geological Settings

The Phan Me community belongs to the Phu Luong district.

It is located at tanhe elevation of 150–200 m. Slope angle of

the terrain ranges between 5 deg and 20 deg. The dump site

was located on hills with a natural slope angle of 15–20�.
A large area of the Phan Me community lies on the Nui

Chua complex (vaT3nnc) including pyroxene gabbro, biotite

gabbro, gabbro diorite, pegmatite gabbro. The Coal mine is

exploiting the Van Lang formation (T3n-rvl) (Fig. 3). Coal
mining waste was subsequently dumped on a hilly site which

is a weathering crust of the Nui Dieng complex phase

2 (γT2nd2). Residual soils are rich clays of 15–20 m thick-

ness. Composition of the Nui Dieng complex phase

2 includes dykes, veins and small bodies of aplite, and

pegmatite. The area is characterized by a complex system

of faults. Especially, the mine is in the area of interference

between three faults.

Characteristics of the Landslide

The dump site was 90 m high, including two steps in front of

the landslide. The lower step was 35 m in height and the

upper part was 55 m in height. Average slope angle was 34�.
Prior to the landslide, there were some cracks at the top of

the dumpsite. The trough heaved up to 0.5 m in some places

(per communication with local people). However, these

signs was not taken into account as early warnings of a

landslide by both managers of the mine and local people.

The landslide occurred at 4:20 AM on 15 April 2012.

There was no abnormal weather or seismic activity before or

after the time of landslide. The scarp departed at an approxi-

mate elevation of 85–100 m. Landslide debris run out was up

to 300–350 m (Fig. 4), buried ten houses (two houses were

only 30 m away from the dump site). Rice fields were

affected and seven people were killed (Figs. 5 and 6). Rice

fields at the outer side of landslide debris were pushed up

several meters (Fig. 7) and displaced 20–30 m westwards.

Nui Chua complex: pyroxene gabbro, biotite gabbro, gabbro diorite, pegmatite gabbro

Van Lang formation (upper sub-formation): gritstone, sandstone, chocolate siltstone

Nui Dieng complex phase 2: dykes, veins and small bodies of aplite, pegmatite

Phu Ngu formation (lower sub-formation): : black clay shale, silty sandstone, quartzitic sandstone

Fig. 3 Geological settings in

Phan Me area
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The landslide has a volume of about 2.5 million m3 with the

slip surface cut through weathering soils at the depth of

about 15 m.

Soil Characteristics and Slope Stability Analysis

Slope stability analysis have been carried out at several

waste dump sites (Chaulya et al. 1999, Omraci et al. 2003,

Nyssen and Vermeersch 2010, Wang et al. 2011, Pinto

2009). In order to analyze the stability of the Phan Me coal

dump site, we used input data for the model as geometry

measured on site, characteristics of soil layers determined by

field and laboratory tests. Factor of safety of the dump site

was calculated by (GEO-SLOPE International Ltd. 2004)

software using the Bishop simplified method.

The deep-seated landslide in Phan Me coal mine occurred

in the weathering crust. Residual soils are rich clays with a

Boundary of landslide 

buried area

Survey points 

at boundary

350m

Boundary of dump 

site before landslide

Fig. 4 Boundary of the landslide

before and after event

Fig. 5 Dump site area after the landslide

Fig. 6 A house was completely destroyed

Fig. 7 Rice field was pushed up by the landslide debris

376 D.M. Duc et al.



thickness of 15–20 m. Geotechnical properties of the soils

and waste materials are shown in Table 1. After the land-

slide, the slope angle of the sand and gravel material was

32–33�; slope angle of the material containing boulders was

35�. An average value of 34� was used for stability analysis

of the waste dump site. In terms of geometry, the dump site

has two steps, the first step is 30 m high and the second step

is 55 m high.

Results of slope stability analysis (Fig. 8) shows that the

overburden load of mining wastes was above shear strength

of the residual soils. Slip surface is about 35 m below the

terrain and cut 14 m into the weathering crust.

Conclusion

In spite of prior evidences of a large landslide at the Phan

Me coal mine, waste materials were still disposed at the

dump site. The deep-seated landslide occurred at 4:20

AM on 15 April 2012 without any abnormal weather or

seismic activity. There are two main causes of the

disaster. Firstly, the waste dump site plays a role as a

water-storage layer which keeps residual soils perma-

nently saturated. The second cause of the deep-seated

landslide is over-loading of mining wastes. The landslide

once again raises the awareness and serious warning of

disaster risk management in mining areas in Vietnam and

many other developing countries.
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Table 1 Geotechnical properties of coal mining waste and residual soil

Soil

Grain size (mm) (%) Bulk density

(kN/m3)

Effective

cohesion (kPa)

Effective internal friction

angle (degree)>20 10–20 5–10 0.1–5 0.05–0.10 <0.05

Coal mining

waste

40.1 12.2 6.7 29.8 11.2 0 20.5 0 34

Residual soil 0 0 21.7 26.1 15.7 36.5 18.5 24 20

Distance (m)

E
le

v
at

io
n
 (

m
)

Layer 1: Coal mining waste

Model: Mohr-Coulomb

Unit weight: 20.5 kN/m3

Cohesion: 0 kPa

Phi: 34 degree

Layer 2: Weathered soil

Model: Mohr-Coulomb

Unit weight: 18.5 kN/m3

Cohesion: 24 kPa

Phi: 20 degree

Layer 3: Bedrock

Model: Bedrock (inpenetrable)

Bedrock

Weathered clay

Coal mining waste

Fig. 8 Result of slope stability analysis using SLOPE/W
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Geological Complexities of Rawana Landslide,
Sirmaur District, Himachal

D.K. Chadha

Abstract

The Rawana Landslide is unique as it is dynamic in nature, associated with emission of hot

water vapors (Temp 45–60 �C), change in chemical quality and a foul smell emitting from

some of the vents. The active landslide area is increasing in its aerial extent as observed

from LISS III, the present dimension shows a length of 420 m and variable width ranging

190–270 m. The toe of the landslide is in the Giri River Channel and continuous erosion by

the river is leading to reactivation of the slide. Geologically, the landslide material is

composed of carbonaceous shale/slatey shale with nodules of pyrite minerals, occurrence

of quartzite of Infra-Krols and carbonate rocks of Upper Krols formation. Thus the

landslide is in a geologically complex area where lithology, structural features, seepage

from springs and so on are contributing to the recurrence of landslide activity. This activity

is associated with the NW-SE trending linear Giri Thrust, and is marked by a prominent

fault trending NNW-SSE. The other prominent structural feature is the presence of a NE-

SW trending planar lineament, orthogonal to the Giri Thrust, which dissects the landslide

mass on its SE extreme and rendering the western portion to move down compared with the

eastern part. This has resulted in the formation of a prominent scarp on the western side

facilitating the slide. The landslide area has a close network of drainage pattern and

presence of two springs which continuously drain through the landslide, producing an

exothermic reaction converting seepage water into acidic water with low pH (2.4) and high

salinity at EC 6320 mhos. These chemical reactions have altered the basic composition of

rock producing new mineral assemblages.

Based on the study of various parameter for Landslide Hazard Evaluation Factor

(LHEF) rating, the total estimated hazard value is 7.75 which shows the landslide falls

under Zone IV of the Hazards Zone i.e. High Hazard Zone. Although it is difficult to tackle

the complex nature of the landslide by any known engineering methods and based on the

detail study of the landslide, it is suggested that a toe wall, preferably of flexible type, may

be constructed at the base of the slide and properly anchored to the bed rock and providing

other solutions to deal with the water problem.

Keywords

Giri Thrust � Infra Krol � Carbonaceous shale � LHEF � Scarp

Introduction

The landslide is located in the steep rugged mountain terrain

of outer Himalayas near Rawana Village (30� 480 2500 N: 77�

150 3000 E), Himachal Pradesh and it distinguishes itself from
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other landslides because of the emission of hot vapours with a

pungent smell, geological complexities and changes in

hydrochemistry of water (Fig. 1). The occurrence of landslides

is a common phenomenon in the Himalayas and yet the causes

and mechanism remain poorly understood for different

landslides. The initiation and occurrence of most of the

landslides in the Himalayas can be attributed to slope mor-

phology, local geology and tectonics, lithology, weathering

and influence of natural (rainfall) and anthropogenic activities.

The attention to the Rawana landslide was drawn in 2005

when some hot gases were noticed emitting from the surface

near the left bank of the Giri River. During November 2005, an

expert team from the Geological Survey of India (GSI) visited

the site and they reported that the surface oozing hot water

mixed gas was confined to a near circular area of 5 m diameter

and the temperature varied between 60� and 100�. Since the

area lacked any indication of present day volcanic activity it

was inferred that the phenomenon may be related either to

reactivated geothermal activity subsequent to the 8th October

2005, Muzaffarabad earthquake (Intensity 7.6, distance

863 km from landslide) or to some exothermal chemical reac-

tion, localized within the sulfurous formation of infra krols.

Another expert team constituted by the Department of

Science and Technology (DST), Government of India,

visited in August 2006 and opined two possible

explanations for the cause of emission of the heat and

gas: (1) Localized burning of partially burned charcoal

pockets in the carbonaceous slate at shallow depths and,

(2) The heat and gas are being transmitted through a chan-

nel along the Giri Thrust or its branching fault from a

geothermal source at depth which lies in the close proxim-

ity of the landslide (Fig. 2).

Fig. 1 Location map of the

project area

Fig. 2 Field photograph showing the view of the Rawana landslide

and the area of hot gas emanations in 2005
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The landslide being located in a remote area and not

causing any disruption of the vehicular traffic so no special

attention was given to study the landslide in detail. The only

impact seen is the subsidence of agriculture and pasture land

besides some cracks in the nearby building. But the landslide

being a singular case amongst the 30 landslides (Fig. 3) in its

vicinity which show unusual characterization like high tem-

perature, emission of hot vapours, etc., the Department of

Science and Technology, Govt. of India supported the study

of the landslide, and the present paper is the outcome of this

study.

Dynamic Nature of Landslide

It is observed that Rawana Landslide is an old slide whose

downstream part culminates in Giri River is essentially a toe

driven slide and its main causative factor is the continuous

erosion of its toe by the Giri River which runs along a

regional thrust. As a result its slope has continuously been

disturbed and further aided by the structural set up, weak

lithology mainly weathered shale, and seepage from the

springs etc increasing its mobility. Likewise, the crown

region got disturbed and lost its equilibrium and get

destabilized. In year 2002, the slide covered an area of

8,490 m2 which increased to 49,440 m2, 58,828 m2 and

86,021 m2 in the years 2006, 2007 and 2012 respectively.

The slope angle of the slide is nearly 45� from crown to mid-

level, which steepens to 70� between middle part and its toe.

The slide zone has been advancing laterally and also

towards the crown front, as a result of which it has engulfed

the fields and houses of the Upper Rawana village and

endangering the adjacent fields. The dimension of the slide

as observed during different years since 2002–2012 is given

in Table 1 and comparative dimension of 2002 and 2012 is

shown in Fig. 4.

Geology

Regional Geology

Geologically, the area shows the signatures of Himalayan

tectonism and uplift, which caused strong erosional flux and

produced the present day landforms and instability zones.

The Jutogh and Chail Formations are low to medium grade

metamorphic rocks of Precambrian age, which are thrusted

(Jutogh/Chail thrusts) over the rocks of Simla and Jaunsar

Groups of Precambrian age. The latter do not show signs of

metamorphism except its incipient effects at places (e.g.

slaty shale), and are faulted/thrusted over a group of sedi-

mentary sequences consisting of Blaini, Infra-Krol and Krol

formations, which in turn overlies the Lower Tertiary

Fig. 3 Google snapshot of the study area showing 30 other landslides

along the Giri River

Table 1 Areal extent of landslide (2002–2012)

Year Area (m2)

2002 8,490

2006 49,440

2007 58,828

2012 86,021

Fig. 4 Google snapshot of year 2002 and field photograph of 2012 to

the show the dynamic nature of the landslide
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formations (Subathu, Dagshai, Kasauli) along the Krol

Thrust (Auden 1934).

The regional litho-tectonic units around the study area

have been given in Table 2 and are shown in the geological

map (Fig. 5).

Local Geology

The Rawana Landslide is located in geologically complex

area where both, the lithology and structural features, have

contributed to the landslide activity. The geological setting

of the landslide zone and its surroundings is shown in the

Fig. 6.

The Rawana Landslide is essentially a debris slide com-

posed mainly of carbonaceous shale/slatey shale and minor

quartzite of Infra-Krols, and carbonate rocks of Upper Krols.

The Infra-Krols dip 30�–60�south-westerly into the hill. The
crown of the slide has touched the Upper Krol limestone

where its fragments and debris are observed. Farther up, the

limestone is exposed in weathered blocks. In the intervening

area are fields and a dwelling house.

Lithology
The landslide zone is confined to the lower parts of the Krol

Belt consisting of Blaini, Infra-Krol and Krol-A, the descrip-

tion of different rock formations near to the slide zone is

given below:

Infra-Krols: These mainly consist of dark shale and

slate, closely inter-bedded buff weathering bands of impure

slatey quartzite. Towards the top of Infra-Krols (below the

Krol sandstone and limestone) black carbonaceous shale or

slate occurs without the thin bands of slatey quartzite. The

banded facies of dark shale and paler impure quartzite

weathers to a very characteristic association of thin, shiny

gritty, greenish clay-slate and ring bleached slate. The later

are ramified with irregular joints, marked by ridges as a

result of liberation of iron and its precipitation as ferric

Table 2 Regional Litho-tectonic units around the study area

Litho-unit Lithology

Subathu formation Greenish grey to grey mudstone and

shale with thin layers of nummulitic

limestone

Krol Thrust (Main Boundary Thrust)

Krol E Light coloured limestone with thin shale

Krol D Cherty limestone and shale

Krol C Dark blue, grey limestone with algal

structures

Krol B Red and purple shale with minor

limestone

Krol A Calcareous shale and thin layers of

limestone

Krol sandstone Sandstone, orthoquartzite and sand

Infra-Krol Black pyritiferous shale and quartzite

bands

Unconformity/Giri Thrust

Simla/Jaunsar group

Nagthat formation

Quartzite, grits, thin slaty bands

Chandpur formation Slates, phyllites, thin bedded limestone

Mandhali formation Slates, quartzite, boulder bed, limestone

Fig. 5 Regional geological map showing Rawana landslide and loca-

tion of thrust faults

Fig. 6 Geological map of the Rawana landslide zone vicinity
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hydroxide cement. The commonness of iron in Infra-Krols is

seen in the universal seepage of ferric hydroxide and white

encrustations of ferric sulphate and chloride, which covers

the surfaces of these rocks. The parent mineral is pyrite.

Krol Sandstone: is generally soft, without bedding, and

stained an orange colour with iron. In its southern extension

it becomes hard and is well bedded. It has the presence of

bands containing disc like fragments of black shale, about

2 mm thick and 5 mm long; and farther southeast, these

bands change into pebbly beds.

Krol A (Lower Krol Limestone): consists of

dolomitised limestone and shale in beds from 2 to 10 cm

thick. The rock is bluish on a fresh surface while weathered

surfaces show grey-green tints. Fracture cleavage is conspic-

uous. The outcrop thickness of this unit varies from 30 to

700 m, which may be due to thrust elimination or multipli-

cation, while the actual thickness may vary between 100 and

200 m.

Krol B (Red Shale): is characterized by soft, finely

laminated or massive purple red shale with blotches and

intercalations of green shale. At the top it becomes shaley

limestone similar to Lower Krol Limestone (Krol A). At

many places it is sheared along which the development of

chlorite may be seen. The maximum thickness of the unit is

100 m.

Krol C: is a massive, dark blue, crystalline limestone,

which stinks on fracturing and weathers to black surfaces

and is dolomitised. The unit is 100 m thick.

Krol D: Has alterations of cherty limestone and shale, the

latter being predominate. The limestone is pale or dark in

3–10 m thick beds. At places it occurs as penecontem-

poraneous breccia. Shale is of different colours, mainly

black, red, green and orange. The darker varieties often

bleach in a manner similar to those of the Infra-Krols. The

maximum thickness is about 200 m.

Krol E: constitutes banded grey and pale cream-white

microcrystalline limestone, which occurs at higher altitudes

above 1,200 m. Fresh surface of paler varieties are white and

porcelain. Thin crinkled veins of calcite are common. The

thickness of the unit is 150 m.

Slide Debris Mass: Debris material is fully decomposed

of the carbonaceous/slate. In order to understand the compo-

sition of the debris, 4 pits were excavated up to a depth of 2 m

and samples of the slides mass were collected from 1 m

interval for grain size analysis to get the percentage of gravel,

sand and silt. The result of the same is presented in Table 3.

The gravel content in the pits invariably exhibited an

increase with depth ranging from 8 to 16 %. The sand

content usually decreased with depth from 10 to 4 %, except

in Pit-3 where it increased by 4 %. The silt content showed

marginal decrease with depth within the range of 1 % and

3 %, except in Pit-3 where it decreased by 16 %. These

values indicate, in general, the composition of the slide

mass which is essentially decomposed material of carbona-

ceous shale. The silt factor ranges from 2.41 to 3.64 %.

Structure and Tectonics

The slide zone has become highly complicated as it is

influenced by different fault plain/thrust. From the map it is

apparent that the thrust between the Krol belt and the Shimla/

Jaunsar groups viz, the Giri Thrust and the thrust between the

Jaunsar group and the Chail metamorphic come very near to

each other near the slide zone. Bhargava (1976) reported that

the Chail thrust overlaps the Giri Thrust. Due to this, the Infra

Krols and the Krol A, which are dominantly grey and black

shales are crushed and break into small fragments.

A prominent fault trending NNW-SSE, with down throw

towards the NNE, pass through the Giri River channel near

the sharp bend close to the toe of the slide. It follows the

Jabyana nala and appears to be sympathetic to the Giri

Thrust. This fault has been named here as ‘Rawana Fault’.
The Infra Krols in the western block along this fault abut

against Krol A, B and C. The rocks are highly folded and

jointed. Because of thrust and fault planes, the lithological

units have been sheared, fractured and pulverized, as a result

the rocks of the Infra Krols and Krol-A, which are domi-

nantly grey and black shale, are crushed into small fragments

Table 3 Constituent analysis of the slide mass in the samples from pits

S. no Pit no. Sample at depth (m)

Mechanical analysis

Plastic limit (%) Silt factorGravel (%) Sand (%) Silt (%)

1 1 1.00 35 45 20 N.P. 3.18

2 2.00 43 40 17 N.P. 3.46

3 2 1.00 38 42 20 N.P. 3.31

4 2.00 44 38 18 N.P. 3.53

5 3 1.00 18 37 45 N.P. 2.41

6 2.00 30 41 29 N.P. 3.03

7 4 1.00 32 48 20 N.P. 3.14

8 2.00 48 38 19 N.P. 3.64
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that easily slide down, which during the rainy season

becomes saturated and flows as mud flow.

In order to gather more information on the structures and

tectonics, LISS-III images and High resolution images of

Google dated 2010–2011 were studied to capture the

regional disposition of the major tectonic features, the

inferences drawn are briefly described below:

1. The Rawana Landslide is closely associated with NW-SE

trending linear Giri Thrust, a major tectonic feature that

dominates the geological disposition of the area. A prom-

inent fault trending NNW-SSE, with down throw towards

the NNE, pass through the Giri River channel near the

sharp bend close to the toe of the slide. It follows the

Jabyana Nala and appears to be sympathetic to the Giri

Thrust. This fault has been named here as ‘Rawana
Fault’. The location of oozing of hot water is close to

the proximity of foot-wall side of the Rawana Fault.

2. Presence of a NE-SW trending planar lineament, orthog-

onal to the Giri Thrust, which dissects the landslide mass

on its SE extreme and rendering the western portion to go

down compared with the eastern part, and resulting in the

formation of a prominent scarp on the western side

facilitating the slide (Fig. 7). A trace of a scarp noticeable

on the eastern side coupled with the western one form a

concentric shape defining the upper limit of the slide

zone. It thus, forms a micro-zone of disturbance across

the Giri Thrust lineament.

3. The course of Giri River is controlled by the lineament of

Giri Thrust, and its tributaries by the lithology and local

structure.

4. The emanation of gas/heat/water/vapours in the landslide

mass may be attributed to the lineaments, viz., the Giri

Thrust and the NNW-SSE trending fault in the slide zone.

The morphotectonic features of Rawana Landslide can be

summarized as follows:

• The NW limit of the landslide zone is marked by

morphotectonic features that are transverse to the valley.

Graben like landform is seen on the NW boundary of the

slide zone. A fissure having an opening of 10 cm can be

traced in the NE-SW direction along the slope at about

the middle of the graben like feature.

• The slide zone is truncated in the NW and SE by rela-

tively straight line that is apparently marked by an escarp-

ment face that reaches up to about 30 m to a maximum in

the middle part of the slide zone. The escarpment line

trends parallel to the slope and at right angles to the

southeasterly flowing Giri River.

• The river takes a sharp transverse bend downstream at a

point close to the foot of the escarpment. The river valley

regains its NW-SW trend after about 100 m long trans-

verse valley. The sharp bend in the Giri River can also be

linked to geomorphic feature defining a lineament on the

satellite imagery.

Drainage

Drainage is an important geo-system controlling the land-

slide since its densities denote the nature of the soil and its

geotechnical properties. The drainage pattern of the area was

digitized using GIS software and analyzed. Giri River is the

major river draining through the region and is fed by various

tributaries which can be classified as first, second, third and

fourth order tributaries as shown in the drainage map

(Fig. 8). Near the south-eastern part of the toe of Rawana

Landslide, the Giri River takes an abrupt turn of about 90�

angle, which may be due to the presence of a transverse

fault.

The seepage from the springs is one of the main factors

for mobility of landslide.

Chemical Characteristics of the Surface Water

In order to comprehend the changes in water quality which

drains through the landslides and discharge into the Giri

River, 14 water samples were collected from different places

as shown in Fig. 9. The chemical analysis of the water

samples were carried out and only the water samples which

gave abnormal values is presented in the Table 4.

The analysis shows that the surface water oozing out from

the landslide area has low pH values, about 2.40, 5.80, 2.58,

3.16, at certain places, and high pH values, about 7.03 to

7.79, at most of the places. The low values indicate acidic

and high values indicate alkaline nature of the water. Simi-

larly, high values of sulphide and iron are also observed,

which indicate that high mineralization has been taken place

due to low pH. Interestingly, the two samples DK-8 and DK-

11 show high sulphate, Ca, Mg and Fe concentration.

Fig. 7 Google Image showing conspicuous scarp developed on west-

ern and eastern flanks of the landslide
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Source of Sulphate (SO4): Pyrite crystals often occur in

sedimentary rock and constitute a source of both ferrous ion

and sulphate in spring ground water. Pyrite is particularly

commonly associated with biogenic deposits under strongly

reducing conditions.

Other source is sulphur, when dissolved in water it gener-

ally occurs in fully oxidized (S+6) state complexed with

oxygen as the anion sulphate S04-2. The reduced forms S-

2 are sometimes found as the HS-ion or as dissolved undisso-

ciated H2S. Conversion of oxidized to reduced species of vice

versa often is associated with biochemical processes. Foul

smell of H2S is observed in the study area, which indicates

that the sulphur is more common in pyrite (FeS2), where the

sulphur is present as S-. Free sulphur, HS-, H2S (aq.), and S-

2 occur only at very high pH. It is observed that where the pH

is between 7.03 and 7.79, sulphate is low and it is possible that

sulphate might be reduced to HS-, H2S and S-2, it is evident

from foul smell of H2S.

It is significant to note that with the decrease in pH the

concentration of sulphate increases due to the formation of

H2S gas, as shown in Fig. 10 representing all the 13 analyzed

samples.

Fig. 8 Drainage map of the study area

Fig. 9 Photograph of the landslide area showing locations of the water

samples for chemical analysis

Table 4 The chemical analysis of the water samples which gives

abnormal values

S. no

Parameter

(mg/l) DK-8 DK-9 DK-11 DK-12

1 pH 2.4 5.8 2.58 3.16

2 EC 3,980 500 6,320 1,180

3 Dissolved

solid

2,510 310 4,000 730

4 Alkalinity

(as CaCO3)

– 24 – –

5 Chloride (Cl) 31 14 28 17

6 Sulphate (SO4) 2,803 235 3,655 628

7 Nitrate (NO3) ND 1 ND 4

8 Fluoride (F) ND ND ND –

9 Calcium (Ca) 353 51 335 84

10 Magnesium

(Mg)

238 29 631 76

11 Total hardness

(as CaCO3)

1,861 245 3,433 525

12 Sodium (Na) 11 14 27 15

13 Potassium (K) 3 3 6 3

14 Iron (Fe) 129

with

dilution

100

times

0.522 406

with

dilution

100

times

ND

Fig. 10 Relationship of pH with sulphate and calcium
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Landslide Hazard Evaluation Factor (LHEF
Rating)

The sum of LHEF ratings of the causative factors that affect

the Rawana landslide have been deduced based on the vari-

ous inputs collected during investigation. While doing so,

care has also been taken of the other and external factors

which includes seismicity, which is quite high in the project

and surrounding areas (seismic zone IV) and rainfall (more

than 1,200 mm per annum). The sum of the Total Landslide

Harzard Evaluation Factor Rating (THEF) comes to 7.75

which are called the Total Estimated Hazard (TEHD), as

shown in Table 5.

In this case it falls under the zone of high hazard (HH)

Zone (After Anbalagan et al. 2008) with TEHD falling under

6.5 < THED � 8.0.

Mitigation Measures

The upper land surface of the landslide is of the high tem-

perature and also landslide not been located cutting across a

highway as such the possible mitigation measures can be:

1. The construction of the toe wall preferably of the flexible

type anchor to the bed rock;

2. The well designed network of surface drainage to prevent

incursion of water into the slide body from the springs.

3. The slope to be graded with provision of berms

4. To provide vegetation cover over the treated slopes to

protect the slide mass from direct impact of precipitation

and to increase shear strength of the surface material.

Conclusions

Rawana landslide is the singular case of the many

landslides, in the Shimla Himalyas, having complex geo-

logical and structural setup, dynamic in nature, having

exothermic reaction bringing change in hydrochemistry,

emission of hot water vapous with foul smell etc. The

landslide is dynamic in nature and the effective area of

the landslide is increasing over the years from 8,490 m2 in

2002 to 86,021 m2 in 2012. The main reasons attributed

are the continuous toe erosion, seepage from the springs,

Rawana fault underlying the landslide transverse to Giri

Thrust. The emission of water vapour/gases with pungent

smell are related to deep tectonic facture, presence of

pyrite mineral in Infra Krol shale leading to exothermic

reaction. The Landslide Hazard Evaluation Factor

(LHEF) rating of different causative factors shows that

the total Estimated Hazard is 7.75 which shows that the

landslide is under High Hazard zone. The landslide needs

to be further investigated for the change in the petrology

of the parent rock, hydrochemitry and the reasons for the

exothermic reaction.
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Highways Vs. Landslides and Their Consequences
in Himalaya

Kishor Kumar, Lalita Jangpangi, and S. Gangopadhyay

Abstract

Landslides are considered a part of normal processes of landscape forming. All these

processes have been occurring since the emergence of the earth and shall continue to

occur as a dynamic earth process system. But, such a statement should be understood in a

sense of naturally occurring landslide processes without human intervention. The same

processes however raise greater concern when they cause loss of life and/or property of a

bigger magnitude. The highways/roads constructed across the hills and mountains of

Himalayan terrain face severe landslide problems. The frequency of their recurrence/

occurrence is so high that the states generally find themselves helpless in properly

addressing restoration issues, as well as rehabilitation and short term/long term mitigation

and management issues. The most disturbing fact is that the phenomenon is repetitive every

year and the costs, only on restoration works increase exorbitantly. Even the best

constructed highways suffer from repeated onslaught of landslide and similar processes.

The Himalaya, which are considered as a dynamic chain of the hills and mountains with

fragile geological formations, youthful river systems, steep slopes, heavy rainfall and so on

are cut across for construction of highways with minimal understanding of their fragile

geo-environmental setup. In spite of the modern technology of the highest level the

highways continue to suffer. In this paper, we address some of the important issues and

gaps pertaining to planning, construction and maintenance of highways/roads in Himalaya.

Keywords

Himalayas � Highways � Landslides � Issues � Consequences

Introduction

The socio-economic and cultural health of any country

depends upon its communication potential which includes

the surface transport such as rail and road network

(Gangopadhyay and Kumar 2012). It is not merely the con-

nectivity per-se but the quality, efficiency, durability and the

safe road network and its infrastructure which matters.

Indian highways in the mountainous terrain of Himalayas

suffer due to frequent landslides of various kinds. In one

estimate, 15 % of the Indian landmass or 0.49 million sq

km area is prone to landslide hazard of which 0.392 million

sq km is part of the Himalayan region. Himalaya’s dynamic

nature including its geological setup, narrow and deep gorges,

meandering rivers, snow clad bodies, climatic diversities,

sudden and heavy downpour including cloudbursts, flash

floods, earthquakes etc., have always been considered as

part of its natural developmental processes. Landslide and

other mass movements have also been part of landscape

formation. The scenario however has changed completely

and the rare incidences or events of landslides, floods and so

on have increased significantly compared to the last few

decades (Kumar et al. 2011) due to unparallel influence of
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human interference. Indian highways in hilly areas have been

experiencing horrific landslide incidences. The Darjeeling

floods of 1968 destroyed vast areas of Sikkim and West

Bengal. The 60 km mountain highway to Darjeeling was

severed at 92 places resulting in the loss of lives and total

disruption of the communication system. The Malpa rock

avalanche tragedy of 18 August 1998 killed 220 people and

wiped-out the entire village of Malpa on the right bank of

river Kali with the tracking route, in the Kumaun Himalaya of

the state of Uttarakhand. In the same year and month,

Madhmaheswar valley, in Okhimath District of Uttarakhand

state witnessed a devastating landslide affecting 9000 plus

people in 29 villages. More than 100 fatalities were reported.

A cloudburst followed by heavy landslide had completely

wiped out three hamlets in Munsiyari sub-division of

Pithoragarh district, Uttarakhand, killing 43 people and

more than 100 cattle on 8th August 2009.

Recently during 16th–18th June 2013 an unprecedented

rainfall followed by flash flood in different parts of hilly

areas of the country caused havoc. Over 2,000 landslides

were reported and over 5,000 people had been killed. In

several hundred places the roads were washed out due to

high magnitude flash flood or blocked due to landslides. Due

to the poor condition of the highways the rescue and

rehabilitation work has got hampered very badly.

A huge amount of revenue spent only on restoration of

highways from repeatedly recurring landslides not only

exceeds the cost of the construction of road but also

misbalances the annual maintenance budget which unfortu-

nately does not include the prevention/mitigation of

landslides, as a result of which most of the highways are

found under maintained. The hills and mountains of

complex geological conditions and fragile rock formations

make the slopes sensitive to failure in case of sudden

external triggering forces like unprecedented rainfall and

earthquake tremors. But, not all the slopes behave identically

and only a few slopes experience failure. In the majority of

instances the slopes failure/landslides are caused, more

because of man made mistakes than natural causes. In each

case hundreds of new landslides of various shapes and size

have been generated. Contrary to this, most of them are

linked to the difficult terrain characteristics, adverse climatic

conditions etc. but not often to the ill planned developmental

activities which are conspicuously more responsible to such

happenings.

Himalayan Highways and Landslides

As population increases and our society becomes ever more

complex, the economic and societal costs of landslides and

other ground failures will continue to rise. Out of all known

natural hazards landslides have become the most significant

hazards because they are most frequent and widespread in

developed areas of every hilly terrain of our country, partic-

ularly in the fragile Himalayan regions along highways.

It is therefore important that road/highway infrastructure

building also includes slopes/landslides as an inclusive

element of road development policy. In spite of loss of

unprecedented amounts of funds and human lives and

increasing danger on highways, there is still no workable

and inclusive policy in place.

Different Facets of Landslides in Himalaya

Landslide Vs. Cloudburst

Cloudburst, a geo-hydrological hazard also known as rain

gush or rain gust has attracted the interest of many

researchers in recent years. It is a phenomenon of heavy

precipitation (equal to or greater than 100 mm rainfall in

an hour). It is one of the biggest trigger of a series of

landslides in mountainous valleys particularly on the

highways. An examination of available data of cloudbursts

in the Himalayan region clearly indicates that the number of

incidences of cloudbursts has increased with time. On

dividing the time period in two, before 2,000 and after

2,000, as per the records available from various resources,

it was concluded that before 2,000 only 29 events of

cloudburst have occurred while the numbers have increased

after 2,000 to 50 incidences (Fig. 1). Cloudbursts are more

common in the region of glacial lakes. The moraine dams are

comparatively weak and can breach suddenly, leading to the

discharge of huge volumes of water and debris (Eriksson

et al. 2009). Extreme rainfall within short time period in the

form of cloud burst in such regions can increase multi-fold

the mayhem by breaching such dams, e.g. Gaunatal (5 Aug

1894), Birahi valley where 40 thousands million cubic water

washed away major towns of the Garhwal Himalaya, or the

July 1970 flashflood in Alaknanda river in Patalganga basin

gulping Belakuchi settlement with several busses, pilgrims

and local life, and most recently the event of a cloudburst in

Kedarnath valley of Uttarakhand. The cloud bursts in the

month of June 2013 devastated the valley by stranding and

further impacting thousands of tourist and local people. Such

incidences were also reported in 2012 in the mountain

valleys of the Himalayan state. Three major cloud bursts

were reported from Uttarakhand in 2012 and two from

Himachal that year (Chauhan 2013).

Landslide Vs. Landslide Dams

One of the major problems in the Himalayan valley is

formation of landslide dams across rivers. The lifespan of
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this type of dam is very much dependent upon the occur-

rence of extreme weather conditions. It can burst in short

time interval under the influence of heavy precipitation or

cloudburst. Such an incidence occurred on 20th July 1970 in

Patalganga Basin where a naturally formed dam due to

cloudburst breached under the pressure of extreme precipi-

tation. The flash flood of July 1970 in the Alaknanda, which

brought loss of life and property damage of an unprece-

dented magnitude, was a rare catastrophe for the Himalayan

region. Belakuchi hamlet, which happened to be the centre

for regulating the one-way traffic for the Joshimath-Niti and

Badrinath bound vehicles, was completely washed away,

wherein about 15 vehicles and 35 lives were taken, on the

fateful night of 20th July, also added to the loss. Nearly

15 km of Joshimath-Rishikesh road between Pipalkoti and

Langsi was also breached, resulting in de-linking the life-

line of the highlanders including the large defence outposts

located in the boarder areas of district Chamoli. The impact

of this event was experienced from Badrinath to Haridwar,

approximately 310 km stretch (Kumar and Sati 2005). Large

numbers of landslides along the river bank as well as on

above and below the road have developed. The

consequences of which we are still facing and shall be

doing so for many years to come due to recurring landslides

developed during 1970 flash flood.

Earthquake Induced Landslides

In the seismically very active Himalayan region earthquake

induced landslides are one of the most damaging hazards

and contribute mayhem to the population and transport

infrastructure. They cause considerable damage to

highways/roads and in turn put a break in rescue work. In

Sikkim on 18th Sept. 2011 an earthquake triggered several

new and some old landslides along the road network of the

region making the circumstances even worse for the people.

Along 12 different roads stretches of Darjeeling-Sikkim

Himalayas a total of 210 landslides were recorded. Amongst

the 210 landslides: 195 were new and 15 reactivated ones.

The number of debris slides (114) is slightly higher than rock

slides (77) and rock fall (8) (Chakraborty et al. 2011).

A few decades ago no one could foresee the intense

development the Himalayan hills would undergo and over

the years we have also failed to foresee the serious

consequences of such a development in multi-hazard prone

regions. The seismogenic landslides which are otherwise

known as dynamic landslides are one of the most damaging

collateral hazards associated with earthquakes. During the

past century this region has experienced four major

earthquakes measuring magnitude above 8 with several

others of lesser magnitude. Each time such earthquake

happened, huge number of landslide are generated which

could be noticed on the ground but the real challenge lies in

accounting for the carryover effects of the history of past

disastrous events in the area, especially on the consequences.

In the context of the carry forward effect of the past events in

the valley, it is important to recall the number of earthquakes

occurred during the last century and the imparting fear of the

high magnitude earthquake expected any time from now.

Highways Vs. Landslides

This is normal to think that network of roads in hill areas is

less safe than the plain area roads because of many inherent

topographic, geological and geomorphological conditions

and external influences due to extreme meteorological and

seismic events which differ from the plain areas to a great

extent. But, there are a few questions, the unclear answers of

which complicate the task of landslides management to these

regions. Firstly, do we have adequate knowledge about

the above stated inherent conditions? Secondly, do we

follow proper sequence of survey-mapping-investigation-

construction aspect using modern techniques and methods?

Thirdly, do we consider landslide and related disasters as

part of inclusive road development policy in hilly areas?

Fourthly, do we classified/divide the terrain based on its

susceptibility to fail and follow it as a guiding factor during

or after construction? In other words are the hazards prone

areas identified before the actual construction of the roads.

Lastly, is there any landslide hazard mitigation and

management system on Indian highways in place? To be

honest the answers of all these questions by any responsible

organisation would be unsatisfactory because of lack of

enforcement of the guidelines on the ground.
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Landslide Hazard Mitigation and Management
System

Despite the decades of research and development on the

diverse aspects of mitigation and management of natural

disasters in India, the following questions continue to defy

neat and practical answers (Gangopadhyay and Kumar 2009).

• What are the predicted most likely natural disaster

scenarios that must be taken into account in planning,

design, construction and management of the roads and

highways in India?

• What methodology needs to be followed in the risk

assessment of roads and road networks, given the single

and large scale hazard maps?

• How can the science and art of landslide instrumentation

and monitoring be improved to a level that delivers

effective and reliable and cost effective early warning

systems against landslides.

• How should technology packages for landslide remedia-

tion and control be designed to meet situation specific

requirements with fullest consideration of the landslide

history of the area, ongoing development programmes,

environmental imperatives and climate change?

• How can the local communities could be made aware of

landslide hazards in their respective areas, and trained in

the management of landslides to avert disasters?

• How can the Landslide Knowledge Networks be further

developed and linked with allied global networks to serve

all the various stakeholders and landslide management

agencies?

A workable Landslide Hazard Management System

which would help us to understand the issues pertaining to

landslides and their management concerning particularly to

the highways should be developed with the following

objectives:

1. To ensure that the safety of the hazardous slopes along

the highways is adequately managed and their stability

maintained.

2. To ensure that the inhabitants of landslide hazard and risk

prone areas as well as the concerned agencies are kept

informed about the risk during the recurrence period of

such disasters so that they can take appropriate steps to

avoid loss of life.

3. To provide background data and guidelines on acceptable

limits of risks such as—to accept the risk, to avoid the

risk, to reduce the likelihood of the risk, reduction of

consequences of risk, Monitoring of risk and transfer of

risk.

4. Ensure, risk free, year round operability of highway net-

work which have strong bearing on the socio-economic

development of the region and also on strategic needs in

the border areas through online forecasting system of the

critical disastrous areas.

The Proposed Hazard Management System

The proposed hazard management system on Highway and

roads of the country has been presented before the council of

Indian Roads Congress in 2012 at New Delhi. A brief of the

proposed management system is described in Fig. 2 by

highlighting a few of the components of the system.

Inventory and Database of Highway Network
and Landslides (INDA)

The digital inventory of highways along with existing

landslides is one of the primary requirements of the manage-

ment plan. The database and inventory of landslides prior to

any mitigation and management planning and construction

of any highway infrastructure is prerequisite because the

area under consideration can be said to be susceptible to

landslides, when the terrain conditions are comparable to

those where a slide has occurred. Moreover, the database

could be of immense help to get useful indicators for land-

slide hazard assessment such as the frequency of landslides,

runout distance, velocity, etc. Therefore the first step of the

management plan is to prepare an inventory of the landslides

along with the network of the highways.

Highway Slope Information System

It includes details about the road cuttings and associated

details. The planning of hill roads, unlike that of the plan

area roads, should be considered in the back ground of a

number of unforeseen factors and problems, which may

generally arise during actual construction and even during

maintenance periods. Road cuts made during construction,

left untreated even those requiring preventive measures may

generate slides during rains, destabilize hill or strata. Hill

side erosion may start soon after cutting or even after lapse

of some years after construction of a road, resulting in

damage to hill face, landslides or some other complex

problem. There are plenty of such examples where a small

erosional patch of slope left untreated got, over the time,

transformed into a major landslide needing huge sum of

public money to be spent only for restoration of traffic by

minor preventive work during every monsoon. All these

chronic landslide areas not only damage the road and other

property but also threaten the life of people. The frequent

and long term damage of highways also creates social unrest

in the region. Road cuts may be located in thick forests, steep

hill face with heavy undulations requiring excessive cross

drainages etc, may be with frequent alternation of different

lithologies. Besides other considerations such as that to
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maintain the aesthetics of the hill road, the need to classify

the cuts based on their vulnerability is of paramount require-

ment so as to avoid further development of slides for the

benefit of a smooth functioning road. The safety of the roads

therefore cannot be ensured until the information about

the cuts and associated feature of the slope, particularly in

critical areas are known.

Landslides Hazard Monitoring and Forecasting

There are various major landslides along the Highway which

are critical in nature and recurring every year. These

landslides cause huge amount of revenue loss every year

on account of restoration and repair works and detouring of

the traffic during the landslide events. There are hundreds of

such chronic landslides on various highways of the regions.

For example, a landslide called Kaliasaur on one of the

national highway of the north western Himalaya has been

active since 1920 and is still in an active state. Recently

CRRI has done a study on economic loss due to detouring for

45 days of blockage during 2010. It was estimated that only

for the duration of blockage, 180 million Indian rupees have

been spent only on detouring. If we calculate for all the years

since 1940, the sum will be exorbitantly high of tax payer’s
money. Had, in the first instance, some long term measures

been designed and implemented instead of repeated repair

and restoration works a large sum of tax payer’s money

could have been saved. It is required to scientifically study

those landslides as pace setter examples and state of the art

work involving every step right from reconnaissance survey,

large scale mapping, geotechnical, geomorphological,

geological investigations, instrumented monitoring, risk

analysis, forecasting and remedial actions.

The information about forecasting would be disseminated

on line through a web based system so that anyone can

have forehand information to avoid the risk and danger and

possible damage.

Multi Hazard Information

Landslides often occurs as elements of interrelated multiple

hazard processes in which an initial event triggers secondary

events or in which two or more natural hazard processes occur

at the same time. They commonly occur in conjunction with
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other major natural disasters, such as earthquakes, volcanic

activity and floods caused by heavy rainfall etc. The resulting

multiple hazard problems require a shift in perspective from

study of individual landslide hazard, to a broader systems

framework that takes in to account the impact of the all

process involved. One of the examples of such multiple

hazard problems is formation of landslide dams. Such a

phenomenon involves chocking of the stream flowing at the

toe or bottom of landslide in question by its debris in narrow

parts of the valley thereby creating a temporary dam which

breaks on exceeding its capacity to hold the enormous amount

of the water. Finally bursting of such a dam on its own

develops devastating flood which inundates the downstream

areas and cause heavy destruction to highways and creates

more landslides along the valley. Famous Gohana Tal Lake,

Ukhimath Tragedy, and Alaknanda tragedy in Uttarakhand

state are some of the case examples involving landslides

created by the Lake Phenomenon. Often such possibilities of

creation of landslide dams are overlooked while preparing

landslide hazard maps. It is required that the potential places

for creation of such dams are demarcated. Similarly there are

instances, when large number of landslides has occurred after

the earthquakes as “carry forward effect”. Each type of

earthquake-induced landslide occurs in various geological

environments, ranging from steep rock slopes to gentle slopes,

with unconsolidated sediments.

Landslide Hazard Zonation and Risk Estimation

Hazard may be expressed as the frequency of a particular type

of landslide of a certain volume or landslides of a particular

type (rock fall, debris flow, debris slide etc), volume and

velocity (which may vary with distance from the landslide

source) or, in some cases, as the frequency of landslides; i.e.

number of landslide of certain characteristics that may occur

in the study area in a given span of time with a particular

intensity i.e. damaging capability of the landslide (AGS

2007). The hazard analysis will follow the estimation of risk

which combines the probability information from a landslide

hazard map with an analysis of all possible consequences of

an event (property damage, casualties, and loss of service)

(Spiker and Gori 2000). The consequences includes: extent of

damage to highway/road and its infrastructure, probability of

damage to the vehicles, number of deaths etc. It is not always

possible to foresee the exact time of the event, if a proper

database is not maintained. A scenario, in which the database

of landslide lacks information about the frequency, runout and

velocity etc., the hazard situation, can not be foretold, simply

because the hazard pertains mainly to temporality of the

foreseen or predicted event. In such cases, as already

followed, instead of cooking information which might give

wrong predictions, professionals should concentrate on

susceptibility zonation which in anyway are prepared but

without the element of temporality.

Conclusions

When planning a new road, the alignments of the

route should be carefully determined considering the

probability of landslides during and after the construc-

tion. Without which the roads are likely to face

unexpected problems of slope stability as noticed in

most of the Himalayan roads.

The increasing trend of the landslides incidences and

recurrences along the highways is quite alarming and

raise concerns regarding the stability of landslide areas

along these highways and their potential impact to the

safety of the traveling public, infrastructure and their

property. Hundreds of landslides which recur during

every year are required to be studied scientifically

involving large scale mapping, geotechnical, geomorpho-

logical, geological investigations, instrumented monitor-

ing, risk analysis, forecasting followed by permanent

stabilization and not only short term repair. This way

the problems generally keep on multiplying and reach to

the point of no remedy.

Landslides should not be viewed as an isolated

phenomena but in conjunction with other events such as

floods, earthquakes, cloudbursts etc. For example, a

number of seismogenic landslides developed during the

major earthquake events continue to reactivate during

monsoon rains and cause substantial damage to highway

and other infrastructure. It is therefore require to identify

the areas prone to such kind of landslides incase an

earthquake event happens anytime from now. Similarly,

floods which are common phenomena in the region create

hundreds of landslides along the banks of rivers/major

streams. Some of the narrow gorges on the rivers/streams

get blocked due to generation of excessive slided debris

thereby creating artificial dams, on breaching of which

huge destruction is caused downstream up to hundreds of

kilometers.
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Characteristics of Landslides from Sigou Gorge
to Lagan Gorge in the Upper Reaches of Yellow River

Zhiqiang Yin, Xiaoguang Qin, and Wuji Zhao

Abstract

The upper reaches of the Yellow River on the northeastern Tibetan Plateau (TP) in western

China, is a zone highly prone to geological disasters. Giant landslides in this region are

notable for their scale, complex formation mechanism, and for their ability to cause serious

destruction. In this study, several different high resolution remote sensing data, such as

QuickBird (QB), GeoEye, ZY-3, ZY-1 02C, and Google Earth were used as source data.

These were combined with various field survey techniques to determine the spatial flat forms

of landslides and their distribution characteristics. Remote sensing images of these

characteristics can be clearly seen in 508 landslides in the study area, many of which are

distributed in the Qunke-Jianzha basin. The spatial morphological flat pattern distribution of

landslides can be divided into eight categories as follows: round-backed armchair-like and

semi-elliptical pattern, dustpan pattern, dumbbell pattern, tongue pattern (including long

tongue, rectangular, mat, stepped shape), saddle pattern, long-arc pattern and triangular

pattern. The rock and soil types of landslides can be divided into four categories: loess,

mudstone, semi consolidated digenetic, and rock, with a prevalence of mudstone landslides.

The length and breadth of landslides masses are mainly concentrated between 550–1,500 m

and 600–1,500 m, and are polarized in different directions. The average elevation of

landslides is mainly between 2,400–2,800 m, and the relative elevation differences of the

front sheer opening and back trailing edges are concentrated at around 150–400 m and at

around 750 m. There is a good linear relationship between the average slope angle, relative

elevation difference, and length of the landslides mass. The results of our research provide

evidence for use in serious geological disasters prevention and environment protection within

the study area.

Keywords

Remote sensing � Upper reaches of Yellow River � Landslides � Developmental

characteristics

Introduction

In mountain areas where intense rainfall occurs, and large

differences in altitude exist, landslides and debris flows

frequently occur and represent a major geological hazard

(Qiao and Li 2000; Yan et al. 2000; Antony et al. 2003;

Shang et al. 2003; Bijan and Nicholas 2004 Onder et al.

2004; Armelle and Thorsteinn 2006; Oliver et al. 2007;

Stephen et al. 2009). Such events occur in the north-eastern
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areas surrounding the Tibetan Plateau, from the Sigou gorge

to the Lagan gorge in the upper reaches of the Yellow River,

where there is a transition zone between the Tibetan Plateau

and the Loess Plateau in China, and between the southern

Qilian mountains and the western Qinling mountains

(Li et al. 2011). Changes in tectonic deformation intensity

and in the regional climate contribute to the frequent

occurrence of landslides, debris flow, and other geological

disasters (Zhang et al. 2000; Yin et al. 2010). In addition to

large and deep-seated landslides, this region has recently

experienced large and deep-seated landslides, which are

recognized by their size, wide distribution, large-scale

disasters-causing capability, dynamic mechanism complex-

ity, and extreme destructivity, and thus represent a signifi-

cant hazard to mountain communities, frequently causing

loss of life and damage to infrastructure (Huang 2003,

2007; Qin and Yin 2012).

We used remote sensing in observing landslide areas

because of its high resolution and ability to cover a wide

region (Franco and Robert 1996; Hou et al. 2000; Zhao and

Liu 2000; Wang 2007; Liu et al. 2007; Qin and Yin 2012),

and have been used in numerous studies. Franco and Robert

(1996) carried out the detection and classification of

landslides using imagery on different scales; Wang (2007)

studied the Yigong landslide of the Tibet Autonomous

Region, and the Tiantai landslide of Sichuan province

using remote sensing data, and developed landslide hazard

maps by analyzing the landslide development environment,

sliding direction and distance, slope angle changes, and the

impact of large-scale construction, thereby evaluating slope

stability. Shi and Wu (2008) used remote sensing in their

study of landslide hazards; and Qin and Yin 2012 used

remote sensing analysis to discuss giant landslides in

unconsolidated sediment triggered by earthquakes and

local rainfall along the upper Yellow River. Liu and Lu

(2007) analyzed typical landslides interpreted using remote

sensing imagery from ETM+, IRS-P6, and QuickBird (QB).

Yin et al (2010) carried out a geological hazards field survey,

and researched the main stream on both sides of the upper

reaches of Yellow River. They found that landslides have

been widely developed since the late Pleistocene, where they

developed predominantly in the loess L1-2 weak warm phase.

Since that time they have been widely distributed in the

Qunke-Jianzha basin. Furthermore, landslides throughout

the ages have devastated the geological environment of the

Yellow River, resulting in large numbers of casualties and

property loss. Some have even blocked the Yellow River,

destroyed farmlands and changed the watercourse. From

such a history, it is evident that there is significant scientific

value and a strong practical significant in carrying out

research work in this area in relation to landslides hazards.

In this paper high resolution remote sensing images such

as QuickBird (QB), GeoEye, Resources satellite III (ZY-3),

Resources satellite 02C Star (ZY-1 02C) and Google Earth,

were interpreted for use in our landslide investigation. In

addition we used field surveys and remote sensing field

validation for the exploration of spatial flat forms, spreading

and distribution characteristics, and the possible factors

influencing landslides in the region. The aim of this study

is to provide technical information for use in the prediction

of landslides in the region, and for the prevention of impacts

related to geological disasters.

Developmental Characteristics of Landslides
Interpreted from Remote Sensing Imagery

From the topographical variation and landslide deposition

overlying terrain, as seen from high-resolution remote

sensing satellite images, the micro-geomorphologic features

of landslides in this region can be generally expressed as

being shaped like a round-backed armchair. The images also

show that some giant landslides have blocked the Yellow

River to form a huge barrier lake (for example the Gelongbu

landslide located in the Jishixia valley). A significant

amount of back trailing of landslides can be seen, together

with landslide dislocation platforms, closed low-lying lands,

transverse ridge-like distributions, horizontal arc tensional

fissures and across-river accumulation deposits. The front

sheering opening of landslides can be seen as having radial

tongues related to the longitudinal development of fissures

after occurrence.

On the basis of pre-processing with geometric correction,

and using image fusion from remote sensing (RS) QB,

GeoEye, ZY-3, ZY-1 02C (Table 1) in the region, the

authors interpreted landslides from RS images and noted

508 landslides of various types (this figure includes 116

landslides noted in field surveys between 2008 and 2012),

of which there were 24 super-large landslides and 92 giant

landslides (Fig. 1). The RS images can be interpreted to

show the morphological spatial distribution of landslides,

the length and width of the landslide mass, back trailing

edge, and front shear opening elevation of the landslide,

and the slope angle and other aspects of the landslide mass.

However, it is not possible to obtain information related to

thickness using RS directly, and requires both engineering

geological drilling and field surveys. The authors therefore

obtained thickness information relating to 116 landslides

from geological drilling and field surveys.

RS images and field surveys show that the major

distribution zone of landslides is in the Qunke-Jianzha

basin, accounting for 29.3 % of the total number, followed

by (in order) the Xunhua Basin, Gonghe Basin, Guanting

Basin, Guide Basin, Laxiwa gorge, Lijiaxia gorge, Jishixia

gorge and Gongboxia gorge (Fig. 2). From an analysis of the

number of landslides occurring, and the amount of residual
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volume, it is evident that there is high-intensity development

on the south bank of the Yellow River in the Guide basin,

and the Qunke-Jianzha basin, in comparison with the north

side, and this includes evidence of the occurrence of

huge landslides, giant landslides, and super-large landsides

on a large-scale. The spatial distribution of landslide

characteristics is closely linked to the topography, active

tectonics, regional climate change, and other factors within

the studied area (Yin et al. 2010; Li et al. 2011).

The standard types of material composition of landslides

in the study area are as follows: loess, mudstone, semi-

consolidated materials, and rock (Fig. 3). The largest

number of landslides in the area contain tertiary mudstone

(accounting for 75 % of the total number), such as the

Xiazangtan landslide (first phase) and the Lannitan (LNT)

landslide. This is then followed by rock landslides, such as

the Suozi rock landslide on the north bank of the Yellow

River in the Qunke-Jiazha basin, and the landslide mass of

Permian gneiss which crossed and covered the tertiary red

clay on the other side of Yellow River (Fig. 4).

Spatial Morphological Features of Landslides

Many landslide patterns are represented in the upper reaches

of the Yellow River, including a variety of flat landslide

patterns. Some landslides, such as the Xiazangtan landslide,

have standard landslide morphology, but some are triangular,

inverted triangular, tongue-shaped, or rectangular. In some

cases landslides have developed on a slope in a step-like

series, and in other cases they have developed in a row on a

slope. Some giant landslides consisting of unconsolidated

sediments have developed on a mild slope, and these need

only slip a short distance to leave a scarp behind the landslide

body, such as the Xiaqiongsi landslide. The variety of patterns

within the region necessitates summarization (Qin and Yin

2012).

In the north-eastern Tibetan Plateau, the morphological

characteristics of landslides are very evident and easy to

identify, whether using field surveys or remote sensing

images. The back-trailing edge-shape of landslides is

Table 1 Satellite data characteristics of remote sensing for landslides interpretation

Types of remote

sense Spectral characteristics Spatial resolutions

Received

date

QuickBird Visible to near-infrared has 4 bands and panchromatic has 1

band

Panchromatic 0.61 m, multispectral

2.4 m

2006.8

GeoEye Multispectral blue, green, red and near-infrared bands,

panchromatic 1 and

Panchromatic 0.41 m, multispectral

1.65 m

2007.5

2009.92012.3

ZY-3 Multispectral 4 bands, panchromatic 1 band Panchromatic 2.1 m, multispectral

6 m

2012.5

ZY-1 02C Multispectral 3 bands, panchromatic 1 band Panchromatic2.36 m, multispectral

10 m

2012.4

Fig. 1 Location of the study area and distribution map of landslides.

(a) Location of the study area in the Yellow River. (b) Distribution map

of landslides (red lines represent the locations of landslide masses with

a length greater than the width and the green lines represents landslides
with opposite features. (1) Gonghe basin, (2) Laxiwa gorge, (3) Guide

basin, (4) Lijiaxia gorge, (5) Qunke-jianzha basin, (6) Gongboxia

gorge, (7) Xunhua basin, (8) Jishixia gorge, (9) Guanting basin (the

remotely sensed image is from Google Earth)
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Fig. 2 Spatial distribution characteristics of landslides in the study

area

Characteristics of Landslides from Sigou Gorge to Lagan Gorge in the Upper Reaches. . . 399



typically armchair-shaped, and generally the steepest angles

of slope are between 50� and 70�. Some that have a front

shear opening also have a tongue, or long-tongue shape.

However, some ancient examples of this type have been

extensively eroded by the Yellow River, preserving only the

round-back of the armchair-like morphology or the trailing

edge of the steeper slope relating to residual erosion. The

flat morphological characteristics of landslides in the study

area can be mainly divided into seven categories of shapes:

round-backed armchair-like (including semi-elliptical-shaped,

dustpan-shaped, dumbbell-shaped, tongue- shaped (including

long tongue, rectangular, mat, and stepped shape), saddle-

shaped,long-arc-shaped,and triangular (for the flat patterns

of representative landslide remote sensing images and more

detailed information please see Fig. 5 and Table 2).

Length, Width and Thickness Characteristics
of Landslides

After remote sensing image interpretation and field surveys

the authors conducted a statistical analysis in relation to the

length, width, slope angle, and area of 508 landslides, and

the thickness of 116 landslides. The residual volume above

116 landslides was then calculated. Using these statistics, the

distribution characteristics of the length, width, thickness,

area, and volume of landslides were obtained. The results are

as follows:

Length (L): there is a large range of landslide lengths. The

minimum and maximum lengths are 120 m and 6,500 m,

respectively, with most of the range fitting between

500 m and 2,200 m. 76.4 % of landslides have a length

of between 550 and 1,500 m, (165 in total), accounting

for 32.5 % of all landslides (Table 3).

Width (W): the length range of the span of the mass of

landslides is also large. The minimum width is 90 m and

the maximum 7,200 m. Most lie between 560 m and

2,500 m, and the majority are concentrated in the range

600 m to 1,500 m, (405, accounting for 79.7 % of the total

numbers) (Table 4).

The relationship between L and W: 303 landslides have a

length greater than the width; on the contrary, the

numbers are 205 of all 508 landslides in the study area.

There is a certain relationship between the L and W of the

landslide mass (Fig. 6): when L and W are less than

1,500 m, the ratio of W to L is close to 1, (accounting

for 20 % of all landslides in the study area); but when L

and W of the landslide mass are greater than 1,500 m the

linear relationship shifts and is polarized, although the

overall growth rate of the length is greater than the width,

the peak ratio is 2:3.2, which means that the length of the

landslide being 2–3 times greater than its width (Fig. 7).

The statistics show that most of the landslides with

lengths greater than widths are mainly distributed in the

Qunke-Jianzha basin (such as the Xiazangtan landslide,

Kangyang landslide, Lannitan landslide, Shengguotan land-

slide, Suozi landslide). In addition, according to their

residual volume, the material of which they are composed,

and the type and shape, they can be attributed to the

following types of landslide: super-large landslides,

mudstone landslides, round-backed armchair-like, long

tongue-shaped, and dumbbell-shaped, respectively, which

implies that the sliding distance and speed were longer and

Fig. 4 Image of the Suozi landslide mass on the right bank of Yellow

River (Photo on May 17, 2012)

0

10

20

30

40

50

60

70

80

90

100

Loess landslide Mudstone landslide Semi-consolidated 
landslide

Rock landslide

La
nd

sl
id

e 
 n

um
be

r
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Fig. 5 Remote sensing of landslides with representative flat shapes.

(a) The ZY-1 02C image of the Xiazangtan landslide and the front edge

of two sub-scale landslides (Kangyang landslide and Lannitan land-

slide) (LNT). The flat pattern of the Xiazangtan landslide and

Kangyang landslide have an armchair- and semi-elliptical-shape, and

their patterns are thus defined as “round-backed armchair-shaped and

semi-elliptical”, respectively. (b) GeoEye-2 remote sensing of the

Lannitan landslide and ZY-3 of the Xijitan landslide, with evident

characteristic of length of landslide mass far longer than width. Their

patterns are thus defined as “long-tongue or rectangle shaped”.
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faster, thus being typical types of high-speed remote

landslides (Zhang and Yin 2010). Some landslides, such as

the Suozi rock landslide and the Gelongbu landslide, have

caused partial blocking of the Yellow River, forming a huge

barrier lake and leaving the landslide mass opposite the

Yellow River. Another type of landslide in the basin belongs

to a type known as a creeper deformation which has a short

sliding distance and a slow speed (for example the Shange

landslide in the GongboXia gorge).

Landslides in the Gonghe Basin mainly have a width

greater than the length, (such as the Bancitan landslide, the

left bank of the Mangla river landslide, and the Mangla river

estuary landslide), and belong to the category of semi-

consolidated diagenetic landslides according to their material

composition. They are mainly rendered as having flat mor-

phology and semi-elliptical, dustpan, saddle and long-arc

shapes. The sliding distances of such landslides are shorter,

and the posterior edge is preserved intact and steeply upright.

Therefore, these two types of landslides are obvious

differences whether the flat shapes or materially composition.

Thickness: The minimum and maximum thicknesses of

116 landslides as obtained by field survey in the study area

are 15 m and 135 m, respectively (with an average thickness

of 39.6 m). Based on criteria used to classify the thickness of

landslide mass (Yin 2008), the authors found that the thick-

ness of landslides in the region is mainly concentrated in the

region of 30–50 m, and consist of deep-seated landslides,

(accounting for 67.2 % of the total number in the survey). In

addition, there were 25 ultra-thick landslides (more than

50 m), and these belonged mainly to the super-large land-

slide category (accounting for 21.6 % of the total number—

for detailed information please see Table 5 and Fig. 8).

Fig. 5 (continued) (c) QuickBird image of the Baicitan landslide. The

back trailing edge is very steep and the landslide mass relatively flat.

The entire mass looks like a dustpan and is thus called a “dustpan
shape”. (d) GeoEye image of the Geza landslide. The front sheer

opening of the landslide mass rushed to the Yellow River and covered

the flood plain. The sliding distance is very long, and the mass looks

like a dumbbell. It is thus defined as having a “dumbbell shape”. (e)
GeoEye image from Google Earth of the Mangla River estuary land-

slide. The back trailing edge is centrally concave on both sides of a

convex shape, and looks like a horse saddle. It is thus defined as being a

“saddle-shape”. (f) GeoEye image from Google Earth of the landslide

located on the right bank of the Mangla River. The whole boundary of

the landslide mass seems to be shaped as a long-arc, and is thus defined
as a “long-arc flat shape”. (g) GeoEye image from Google Earth of

Mengdaxiang landslide. The landslide mass rushed to the opposite bank

of the Yellow River and blocked it for short time. The whole boundary

of the mass has a triangular form, and is thus defined as having a

“triangular shape”. In all images the red lines and arrows show the

boundary and sliding direction of the landslides; the blue arrow shows

the flow of the Yellow River

Table 2 Distribution of representative landslides locations and types of image

No. Flat pattern Representative landslide Longitude (E) and latitude (N) Types of RS

a Round-backed armchair-like Xiazangtan landslide I 101�590,35�580 ZY-1 02C

b Long tongue or Rectangle Lannitan landslide and Xijitan landslide 101�580,35�590 and 100�290,35�490 GE and ZY-3

c Dustpan Baicitan landslide 100�290,35�490 QB

d Dumbbell Geza landslide 101�360,36�080 GE

e Saddle Landslide of Mangla River(MR) estuary 100�240,35�450

f Long-arc Landslides of left bank of MR 100�260,35�430

g Triangular Mengdaxiang landslide 102�380,35�490

RS Remote Sensing, QB QuickBird, GE GeoEye

Table 3 Table of length statistics of landslides mass

Length of interval/m �550 551–970 971–1,400 1,401–2,670 2,671–4,800 >4,801

Numbers 111 165 113 92 22 5

Proportion/% 21.9 32.5 22.2 18.1 4.3 1.0

Table 4 Table of width statistics of landslides mass

Width of interval/m �560 561–1,040 1,041–1,510 1,501–2,930 2,931–5,300 >5,301

Numbers 175 144 89 71 23 6

Proportion/% 34.5 28.3 17.5 14.1 4.5 1.1
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Characteristics of Area and Volume
of Landslides

Area: Out of 508 landslides in the region, the minimum and

maximum areas covered are 0.01 km2 and 16.26 km2, with

the main distribution in the range of 0.01–4.00 km2. 319

landslides have an approximate area of 1 km2, and this

accounts for the vast majority (Fig. 9). There are very few

landslides with areas of more than 10 km2, (such as the first

phase of the Xiazangtan landslide (I), which covered an area

of 14.12 km2).

Volumes: The total residual volume of the mass of 116

landslides equates to approximately 98.35 � 108 m3, and

the average is 0.85 � 108 m3. The peak values of the resid-

ual volume are mainly concentrated in four ranges:

0.5–4 � 108 m3, 6–8 � 108 m3, 10–12 � 108 m3 and

15–17 � 108 m3 (Fig. 10), the categories either side of

these ranges belong to giant landslides and super-large

landslides, and the residual volume of super-large landslides

is more than 15 � 108 m3 (these develop in the multiple

mudstone strata in the study area; and are represented by the

first phase of the Xiazangtan landslide which is located on

the right bank of the Yellow River in the Qunke-Jianzha

basin, and the Xijitan landslide located on the left bank of

the Yellow River in the Guide basin).

Slope Angle of Landslide Mass

Angle: the average slope angle of landslide deposits is small

in the study area, and most landslides are small-angled;

statistics show the angle to be mainly between 15–40� and

mostly in the region of 15–20� and 35–40� developmental

quantity maximum (Fig. 11). Field surveys show that the

landslide slope angle of 15–20� is seen to be stable, and is

unlikely to cause an event such as in the Xiazangtan

landslide’s first phase, which slippery mass slow down

steep inclination of 8� in the middle and back trailing edge,

central of deposits had water into a landslide lake and

disappeared later owing to gullies cutting; the front edge

opening dues to the occurrence of secondary disintegration

landslide, thus front edge opening steeper and reaching at

31�, the current landslide in a stable state as a whole. The

other group of landslides with slope angles of between 35

and 40� are unstable, with the possibility of recurrence in

heavy and sustained rainfall, such as the Cambra Park land-

slide located on the right bank of the Lijiaxia roadside,

where the back trailing edge of the landslide appears in

various tensile cracks under the action of precipitation,

making it very unstable and likely to fall onto the Guide to

Kanbula road and onto the front edge of the reservoir.
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Table 5 Table of thickness statistics of landslides mass

Types Numbers Average thickness/m

The depth grading of landslide /m

Shallow Middle Deep Ultra-deep

<10 10–25 25–50 >50
Numbers 116 39.6 0 13 78 25

Proportion/% 0 11.2 67.2 21.6
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Elevation Distribution Characteristics
of Landslides

The minimum and maximum elevation values of the front

shear openings were 1,510 m and 3,187 m, respectively, as

shown by remote sensing image statistics in the study area.

The elevation minimum and maximum values of the back

trailing edge of the landslides were 1,972 m and 3,363 m,

respectively. The average minimum and maximum

elevations of the landslides were 1,885 m and 3,274 m, and

the landslide developmental elevation values were mainly

concentrated between 2,000–2,800 m, particularly between

2,400–2,800 m (Fig. 12). Most of the landslides were ancient

or old landslides, with later weathering and erosion

reworking limited because of their huge volume, and most

of them therefore retain the basic characteristics of the

landslide, such as the slippery stepped terrain, or imbricate

obvious, the back trailing edge upright, central fracture

development, and are therefore easily recognizable with

use of high-resolution remote sensing images.

Centralized values of the main relative elevation

differences between the front sheer opening and the back

trailing edge of the landslides masses are between 150 m and

400 m, and present two main centralized peaks [the largest

number are between 200 m and 300 m, and the maximum

elevation difference is 875 m (Fig. 13)]. The erosion land-

form height difference of the Yellow River in consistent and

the authors considered that the steep slope of the Yellow
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River for landslides development providing adequate

spacing conditions, centralized development phases of

landslides in the role of tectonic activity or heavy

precipitation.

In addition, statistical analysis reveals a good linear rela-

tionship between the relative elevation difference and the

length of landslides mass (the greater the relative difference,

the longer the length of the landslide mass). Landslides are

divided into two categories according to their relationship

between the relative elevation and the length. The first

category has an excellent correlation with a coefficient of

0.77, and usually occurs in a region of slope with a high

steep elevation difference, and fully reflects the dominant

background factors of the landslides in the topography. The

second category usually occurs in the smaller slope region of

the main stream and tributaries, and is often expressed as

being a creep, low angle landslide (Fig. 14).

Conclusions

For our data source we used QB, GeoEye, ZY-3ZY-1

02C, and Google Earth images of the upper reaches of

the Yellow River region, combined with the results of

field surveys and remote sensing validation to examine

the spatial shape and distribution characteristics of

landslides. Our conclusions are as follows:

1. The characteristics of landslide images are evident and

significant in the upper reaches of the Yellow River. The

authors found 508 landslides, of which 24 were super-

large, and 92 were giant, and that the largest numbers of

landslides were distributed in the Qunke-Jianzha basin.”
Please ensure that this information matches that presented

in your statistics.

2. The spatial distribution of landslide mass morphology

can be divided into types: round-backed armchair-shaped

and semi-elliptical, dustpan-shaped, dumbbell-shaped,

long tongue-shaped (rectangular), saddle-shaped,

half-curved, and irregular. Types of rocks and soil can

also be divided into four categories: loess landslides,

mudstone landslides, semi-consolidated diagenetic

landslides, and rock landslides (with most landslides

belonging to the mudstone landslide category).

3. The length and mass of the landslides (width) are mainly

concentrated between 550–1,500 m and 600–1,500 m, the

depth of most of the landslides’ mass is >50 m, but the

area of landslide distribution is uneven, and the volumes

of 116 landslides equates to 98.35 � 108 m3.

4. The average elevation of landslide mass is between

2,000 m and 2,800 m, and the majority are between

2,400 m and 2,800 m. The average slope-angle of land-

slide mass is mostly concentrated between 15� and 20�.
There is a good linear relationship between the average

slope, relative elevation difference, and the length of

landslides mass.

We consider that this research provides technical

knowledge in relation to the prevention of serious

geological disasters and for geological environment

protection.
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Evaluation on Effect for the Prevention and Control
Against the Landslide Disasters in the Three Gorges
Reservoir Area

Yong Zhang, Sheng-wei Shi, Jun Song, and Ying-jian Cheng

Abstract

This paper takes the landslide disasters in Three Gorges Reservoir Region as object of

study, and then summarizes and analyzes totally 72 control engineering projects that used

for the disasters. It sums up the characteristics of prevention technology for landslide

disasters in the area. Based on the analysis of the fundamental type and hazard prevention

features for the Three Gorges Reservoir Area Landslide Hazard Prevention Project, it has

identified the prevention and control efficiency evaluation index, and established the

evaluation index system involving up to 11 impact factors and the corresponding preven-

tion and control efficiency grading standards. The landslide hazard prevention and control

efficiency evaluation model based on an integrated fuzzy hierarchy process theory was

utilized to perform prevention and control efficiency evaluation on the typical project cases,

and the evaluation results was excellent in consistent with the judgment result of field

geological survey.

Keywords

Landslide � The Three Gorges Reservoir area � Effects of the control

engineering � Evaluation index system � Hierarchy-fuzzy comprehensive evaluation

method

Introduction

China is characterized by extremely complex and specific

geological environment, and the Three Gorges Reservoir

Area is featured by enormous quantity, particularly wide

and great variety of geological hazards, which result in

serious threat to the life and property safety of immigrants

in the reservoir area. The state has attached great importance

to the prevention and control of geological hazards in the

Three Gorges Reservoir Area. Since the implementation of

geological hazard prevention and control work within Three

Gorges Reservoir Area in 2001, a total of 452 landslides have

been subject to the engineering governance, accounting more

than 80% of the geological hazard prevention projects within

the Three Gorges Reservoir Area and invested more than

RMB ten billion. The governance project for the landslide

hazard in the Three Gorges Reservoir Area fundamentally

covers the currently commonly-used landslide prevention

project measures. The large number of landslide prevention

projects in Three Gorges Reservoir Area has constituted huge

information and data.

In 2009, after basically completed the landslide preven-

tion projects in Three Gorges Reservoir Area, there are a

number of problems to be solved for the prevention and

control of landslides in Three Gorges Reservoir Area, e.g.,

how to summarize the gains and losses of the landslide

prevention project, how to establish a landslide prevention

project evaluation system, how to scientifically evaluate the

operating conditions, prevention and control efficiency of
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the completed prevention projects, and so forth. Thus, focus-

ing on the landslide hazard prevention project in Three

Gorges Reservoir Area, this paper has summarized and

analyzed a total of 72 landslide hazard prevention projects

in Three Gorges Reservoir Area , and concluded the land-

slide hazard prevention technical characteristics in Three

Gorges Reservoir Area; On this basis, it has established the

Three Gorges Reservoir Area Landslide Hazard Prevention

Project Evaluation Index System involving four major

categories and eleven impact factors, and has developed

the landslide prevention and control efficiency grading stan-

dard to evaluate the prevention and control efficiency of

typical landslide cases. The implementation of landslide

hazard prevention and control efficiency evaluation work

for the Three Gorges Reservoir Area is designated to

enhance the scientific level of investment decision-making

on the landslide prevention project, so as to finally accom-

plish safe, economical and reasonable landslide prevention

project.

Certain Research Contents on Evaluation of
Landslide Prevention and Control Efficiency

At present, no uniform standard has been proposed on the

evaluation of landslide prevention and control efficiency.

European and American geologists generally considered

that: it should at least survey the landslide for more than 20

years in order to understand the prevention and control effi-

ciency of a landslide. However, the majority of codes and

studies on landslide prevention and control focus on the

design and construction contents of landslide prevention

project, while the evaluation on landslide prevention project

is to inspect the quality of prevention project during the

intermediate inspection and completion acceptance.

In contrast, it has paid little attention on the research of the

suitability, adequacy, and effectiveness, etc., of the preven-

tion project after landslide governance.

The existing domestic and international studies (Table 1)

have offered a useful exploration in the evaluation of land-

slide prevention and control efficiency from the following

four aspects principally: ① to analyze the stress and defor-

mation characteristics of supporting structure by embedding

monitoring instruments on-site; ② to research through

indoor dimensions scaling physical simulation test; ③ to

conduct post-evaluation on the efficiency of landslide pre-

vention project by operational research and mathematical

methods; and ④ to invert the prevention and control effi-

ciency via numerical simulation and calculation method.

Although starting from a different angles, they have

concluded a common understanding that the landslide pre-

vention and control is a systematic project, and the evalua-

tion on the efficiency of landslide governance project is a

more comprehensive integrated analysis process.

Technical Characteristics of Landslide
Prevention and Control for the Three Gorges
Reservoir Area

The commonly-used prevention project measures used for

landslide hazard in Three Gorges Reservoir Area can be

divided into six categories in accordance with different

purposes of prevention and control, the majority of which

are designated for fundamental large-scale landslide preven-

tive measures. In particular, the distinctive one is directing at

the impact of impoundment in Three Gorges Reservoir. In

general, the wading landslide hazard should be provided

with the bank protection and slope protection measures. In

addition, the application of slope cutting, back-pressure and

Table 1 The domestic and international representative researches on the evaluation of landslide prevention and control efficiency

Author Major contents

Findlay and Fell

(1977)

In accordance with the long-term treatment experience of landslides and rockfalls in North America, it is indicated that

landslide prevention project is a systematic project, and the evaluation of prevention and control efficiency should comply

with the “Geology-Project” integration concept

Helwany (2001) Based on the stress test analysis of various indoor retaining walls and slide-resistant piles, this paper has discussed the

possible stress changes that may be caused by design differences of varied dimensions and conducted field tests to verify

the reinforcement effect

Hu (2006) His paper has investigated the landslide sliding-resistance engineering effects of Three Gorges Reservoir under water

level fluctuations by finite element numerical analysis method, and studies have shown that seepage slides are largely

affected by reservoir water level, thus it should appropriately increase the safety reserves

Feng et al. (2006) From the prospective of safety whole process for landslide prevention project: this paper has summarized the problems

prone to appear in the investigation, design and construction quality stage, and strengthened the important role in

monitoring and evaluation

Huang et al. (2012) Based on the whole process of landslide governance project, effectiveness evaluation is classified into a multi-level,

multi-index system, and AEI method is applied to establish the evaluation model, which is also verified by examples

Zheng Ming-xin This paper, from the landslide project geological point of view, has comprehensively expounded the principles, contents

and standards on the evaluation of landslide prevention and control efficiency. In addition, it has established a total of 11

factor evaluation models based on fuzzy theory and which have been verified by examples
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other engineering measures so as to take full advantage of

landslide mass to perform resettlement of inhabitant, town

construction and so on, which are relatively rare in the

landslide projects of other regions . The commonly-used

prevention and control engineering measures are shown in

Table 2.

In accordance with the site survey and data analysis of

landslides in Three Gorges Reservoir Area, it has carried out

the investigation and statistical work of totally 72 landslide

hazard prevention projects in Three Gorges Reservoir Area.

The statistical results for the utilization rate of various pre-

vention engineering measures in the landslide hazard are

shown in Table 3 and Fig. 1, indicating that:

1. The landslide hazard prevention projects in Three Gorges

Reservoir Area cover almost all commonly-used land-

slide prevention and control technologies and methods;

2. For the landslide hazard prevention projects in Three

Gorges Reservoir Area, slide-resistant pile and drainage

project is the highest utilization rate of engineering

measures;

3. The retaining work is almost a hundred percent utilization

rate;

4. In respect of the landslide hazard in Three Gorges Reser-

voir Area, the relatively distinctive one is the prevention

and control concept adapted to local conditions. Among

them, slope cutting and presser foot and slope protection

revetment are the relatively less used landslide prevention

and control measures adopted in other areas, however,

which are more common in the landslide prevention and

control measures adopted in Three Gorges Reservoir

Area;

5. In addition, monitoring is a necessary means for all land-

slide hazard prevention projects, including deformation,

stress and groundwater monitoring, etc.

Table 2 Commonly used control engineering of the landslide

Program Prevention purposes Method Engineering measures

1 Bypassing or handling Bypassing Diversion of lines and buildings, avoided with tunnels or open cut tunnels,

bridging across the landslide and so on

2 Eliminate or reduce a variety

of formation factors

Surface water

discharge

Intercepting drains, drainage ditches, and dredge natural ditches

Groundwater

discharge

Blind ditches, blind holes, supporting blind ditches, sewers, vertical

drilling groups, horizontal drilling groups, and drainage galleries

Prevent water

erosion

Anti-scour retention walls, pitched works, riprap revetment and “spur”
dike project

Slope surface

remediation

Cutting slopes, slope protection, leveling, stair steps, infill cracks, etc

3 Change the internal

mechanical equilibrium of

slope mass

Weight reduction Cutting and load shedding at the rear part of the landslide

Back pressure Preloading at the sliding-resistant section in front of the landslide

4 Directly prevent the

development of landslide

Set various sliding

engineering works

Sliding-resistant retaining wall, pre-stressed anchorage, pre-stressed

anchorage sliding-resistant retaining wall, slide-resistant piles, pre-stressed

anchoring slide-resistant piles, steel frame slide-resistant piles, sliding-

resistant open cut tunnels, slab-pile wall, etc

5 Change the properties of slip

band soil

Sliding-resistant

key replacement

Excavate the will slip band, replacement of reinforced concrete sliding-

resistant key

6 Prediction and forecasting of

landslide deformation damage

Landslide

monitoring

Landslide stress, displacement, rainfall, groundwater monitoring, etc

Table 3 Statistical table of the control engineering

Engineering measures Slide-resistant piles Retaining wall Anchoring Slope cutting Presser foot Slope protection Drainage

Quantity 58 16 21 20 15 15 66

Proportion 79 % 22 % 29 % 27 % 21 % 21 % 90 %
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Fig. 1 The percentage of different control engineering
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Establishment of Landslide Hazard Prevention
and Control Efficiency Evaluation Index System
in the Three Gorges Reservoir

The landslides in Three Gorges Reservoir Area are

characterized by great distribution and scale, and the reloca-

tion towns of certain migrants are located directly on the

landslide. Thus, the damage or failure of the landslide pre-

vention project will result in immeasurable loss; however, if

the design of the prevention project is too conservative, it

will lead to excessive workload of engineering prevention

and control, thereby affecting the project construction period

or the size of funds in most cases. Therefore, it shall carry

out the re-evaluation of the prevention project after the

landslide governance and timely feedback the efficiency of

landslide prevention project so as to provide basis for deci-

sion making to the engineering department and to further

improve the design theory of landslide prevention project.

Selection Principle of Evaluation Indexes

With regard to the evaluation and inspection of landslide

prevention and control efficiency, it shall select the evaluation

indexes of prevention and control measures at first, which

should focus on reflecting the changes of landslide’s stability
before and after governance, reasonability of prevention and

control program, monitoring after landslide governance, haz-

ard prevention benefits and so on. The selection of the evalu-

ation indexes of landslide prevention and control efficiency

should comply with the following principles:

1. Objective principle

Principally, the evaluation indexes should be real and

objective, and it should select the factors that earnestly

play key influence on the prevention and control of land-

slide hazard.

2. Universal principle

The occurrence of landslide hazard is subject to various

and complex influence factors, which may have certain

correlation. For the landslide hazards in different regions

or with different types in Three Gorges Reservoir Area,

the influence degree of various influence factors is varied.

Therefore, the selection of evaluation indexes should not

only consider those differences, but also need to consider

its universality and suitability characteristics.

3. Hierarchical principle

The evaluation index system should be established in a

explicit hierarchy manner in order to comprehensively

reflect the control factors that affect the landslide preven-

tion and control efficiency.

4. Concise and operable principle

Emphasizing on the simplicity and operability of indexes

is especially important to promote the evaluation system.

Simplicity means that the evaluation indexes should be as

simple and clear as possible, which are representative;

Operability means that the contents of evaluation indexes

can be relatively accessed or implemented easily by

actual work.

Selection of Evaluation Indexes

The selection of evaluation indexes are required that, individual

index should not only be able to accurately reflect the

objectives and requirements of landslide hazard prevention

and control efficiency, but also should be subject to mutual

correlation among various indexes to meet the demands of

system construction. In this paper, based on the Analytic Hier-

archy Process (AHP), it has selected “Fundamental Landslide

Elements”, “Governance Design”, “Construction Organiza-

tion,” “Stability Condition” and “Governance benefit” as the

evaluation objectives, and then select the individual evaluation

factors in accordance with the evaluation objectives, and select

the landslide prevention and control efficiency evaluation

indexes. Taking the “Fundamental Landslide Elements” as an
example, it shall select the indexes that can reflect the features

of landslide and affect the landslide stability. In accordance

with the statistical analysis results of landslide hazard lithology,

slope structure and so on in Three Gorges Reservoir Area, such

as lithology elements, the landslides in Three Gorges Reservoir

Area are mostly occurred in hard and soft interlayered rock

mass, while the slope structures are mostly comprised by

bedding structure with the sliding surface slope angle of

15–35�. Hydrogeological condition is an important factors

affecting the landslide stability, and deformation failure

characteristics can reflect the current signs of landslide defor-

mation and future trends.

In accordance with the selection principles of landslide

evaluation indexes, and the requirements of various evalua-

tion objectives and contents, a total of 5 aspects and 11

specific influence factors have been selected as the evalua-

tion indexes involving the entire process such as landslide

investigation, design, construction, operation and post-

effectiveness, etc.

Establishment of Evaluation Index System

In accordance with the field investigation and data collection

of multiple landslide hazard prevention projects, the evalua-

tion indexes that are both universal and accessible, but also

can effectively reflect the prevention and control efficiency

in the prevention projects are selected to primarily establish
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the landslide hazard prevention and control measure evalua-

tion system of the Three Gorges Reservoir area (Fig. 2).

Grading Standards of Landslide Hazard
Prevention and Control Efficiency in the Three
Gorges Reservoir Area

In accordance with the established evaluation system for

landslide hazard prevention and control measures in Three

Gorges Reservoir Area landslide hazard, the various factor

indexes reflecting the landslide prevention and control effi-

ciency should be evaluated one by one, so as to propose a

comprehensive judgment or evaluation result. The evalua-

tion results can be divided into four grades in accordance

with the prevention and control efficiency, including Excel-

lent, Good, Ordinary and Poor, respectively, which is com-

prehensively evaluated on the landslide prevention and

control efficiency according to the corresponding evaluation

index. The grading results of landslide prevention and con-

trol efficiency are summarized in Table 4. The grading

standard of landslide hazard prevention and control effi-

ciency is identified in line with the evaluation index com-

bined by qualitative and quantitative indexes to provide an

important reference and basis for subsequent evaluation of

prevention and control efficiency.

Landslide Prevention and Control Efficiency
Evaluation Model and Engineering
Applications

Establishment of Fuzzy Hierarchy Process
Comprehensive Evaluation Theory and
Evaluation Model

After establishing the landslide prevention and control effi-

ciency evaluation index system and grading standard, it has

evaluated a variety of qualitative and quantitative indexes

reflecting the landslide prevention and control efficiency,

and comprehensively evaluated the landslide prevention

and control efficiency by referring to the grading standard.

The entire evaluation process requires the application of

uncertainty mathematical method to express the language,

quantitative indexes and evaluation procedures for the eval-

uation of landslide prevention and control measures in the

form of mathematical symbols and mathematical formulas,

and deriving the final comprehensive evaluation results. In

this paper, a landslide hazard prevention and control effi-

ciency evaluation model, based on Fuzzy Hierarchy Process

Comprehensive Evaluation Theory has been established to

evaluate the prevention and control of typical landslides. In

addition, the evaluation results are compared with the on-site

geological survey results to verify the reliability of this

model (Table 5).

Firstly, the analytic hierarchy process is sued to establish

the following forms of comparison and judgment matrix.

The elements in the comparison and judgment matrix

should satisfy the following properties.

bij > 0, bij ¼ 1=bji, bii ¼ 1 ð1Þ

Where, bij stands for the importance relative to its

associated upper level element A, element Bi and element Bj.

The commonly-used eigenvaluemethod is used to calculate

the weight of influence facto ωi. Supposing the largest eigen-

value of the judgment matrix is λmax, and the corresponding

eigenvector is ω, then the weight ωi of influence factor i and

the calculation formula of judgment matrix λmax is expressed

as follows, and should perform conformance test.

ωi ¼
�
Π
n

j¼1
bij
�1
n,ω0

i ¼
ωiXn

i¼1

ωi

vector normalizationð Þ ð2Þ

λmax ¼
Xn
i¼1

A� Bi � ωð Þi
n � ωi

ð3Þ

Fig. 2 Evaluation index system of the landslide control in the Three Gorges Reservoir area (target layer (D), criterion level (E), program layer (F))
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Fuzzy Comprehensive Identification should firstly

establish the fuzzy set and membership function content

for the evaluation of landslide prevention and control

efficiency:

1. Supposing The Evaluation Set (Prevention and Control

Efficiency Level) Is,

V ¼ V1;V2;V3;V4f g ¼ I; II; III; IVf g ð4Þ

Where, V1—Excellent; V2—Good; V3—Ordinary; V4—
Poor.

2. Determining Involved Element (Evaluation Index) Set,

U ¼ U1;U2;U3;U4;U5f g ð5Þ

Where, U1—Fundamental Landslide Elements; U2—

Governance Design; U3—Construction Organization;

U4—Stability Condition; and U5 - Governance Benefit.

3. Selecting Involved Element’s Evaluation Factor Set

C u1ð Þ ¼ F1;F2;F3f g
C u2ð Þ ¼ F4;F5;F6f g
C u3ð Þ ¼ F7;F8f g
C u4ð Þ ¼ F9;F10f g
C u5ð Þ ¼ F11f g

8>>>><
>>>>:

ð6Þ

Where, F1—lithology and slope structure; F2—
hydrogeologicalconditions; F3—deformation failure

characteristics; F4—design parameters; F5— engineering

layout reasonability; F6—drainage works; F7—construction

difficulty;F8—project quality;F9—displacementmonitoring;

F10— transformation of human activities; and F11—
economic, environmental and social benefits.

Supposing a1, a2, � � �, am is the weight of evaluation fac-

tor u1, u2, � � �, um, respectively, and , if A¼(a1, a2, � � �, am),
then A is the fuzzy set (i.e. weight vector) reflecting the

factor weight.

The integrated membership degree B is obtained by the

“integration” of weight vector and fuzzy matrix. Namely, by

virtue of fuzzy operation B ¼ A � R, it will derive the

fuzzy set B¼(b1, b2, � � �, bm) (0 � bj � 1), where

Table 4 Classification of the effects on the landslide control in the Three Gorges Reservoir area

Grading Characteristics of landslide prevention and control efficiency

Excellent Landslide is stable (comprehensively determined by the macroscopic geological surveys and deformation monitoring, the

prevention and control measures are reasonable and economical

① The landslide is stable after prevention and control;

② The displacement monitoring of landslides and sliding-resistant structure is within the allowable range;

③ The layout of governance works is reasonable, effective drainage;

④ The prevention project is in compliance with the engineering design life;

⑤ Human engineering activities have no effect on the prevention project;

⑥ Landslide prevention benefits are remarkable.

Good Landslide is stable, the prevention and control measures are basically reasonable

① The landslide is stable after prevention and control;

② The displacement monitoring of landslides and sliding-resistant structure is within the allowable range;

③ The layout of governance works is relatively reasonable, and it is able to fundamentally drain the groundwater, surface water;

④ The prevention project is in compliance with the engineering design life;

⑤ Human engineering activities have certain impact on the prevention project but do not affect the stability;

⑥ Landslide prevention benefits are ordinary.

Ordinary The prevention and control measures have a certain effect, but which are not reasonable, or the landslides still reserve some threats

① The stability of landslide is in compliance with the initial requirements after prevention and control;

② The displacement monitoring of landslides and sliding-resistant structure is within the allowable range;

③ The layout of governance works is not reasonable, and the drainage efficiency is ordinary;

④ The prevention project is basically in compliance with the engineering design life;

⑤ Human engineering activities have certain impact on the prevention project but do not affect the stability of the landslide;

⑥ The cost performance of landslide prevention and control efficiency is not high.

Poor Landslide is not completely eliminated, reserving greater threat, or the quantity of prevention project is huge, too conservative

① The stability of landslide is not in compliance with the requirements after prevention and control;

② The displacement monitoring of landslides and sliding-resistant structure exceeds the allowable range;

③ The layout of governance works is not reasonable, and the drainage is impeded;

④ The prevention project is not in compliance with the engineering design life;

⑤Human engineering activities have certain impact on the prevention project but do not affect the overall stability of the landslide;

⑥ The cost performance of landslide prevention and control efficiency is low.

Table 5 Combined weights of analytical hierarchy process

A-Bi Major factor Total ranking weight

B1

B2

⋮

Bn

b11 b12 � � � b1n
⋮⋮

b21 b22 � � � b2n

⋮ ⋮ ⋮ ⋮

bm1 bm2 � � � bmn

Xn
j¼1

ajb1j

Xn
j¼1

ajb2j

⋮Xn
j¼1

ajbmj

412 Y. Zhang et al.



bj ¼
Xm
i¼1

airij M �;þð Þð Þ, “(•,+)” is the weighted average

compositional operations. This model adopts the weighted

average method, equivalent to multiplication of two

matrixes, namely, B ¼ A � R.
Where, bj ¼

Xm
i¼1

airij; j is the column number of the R and

B, m is the number of evaluation factors.

Finally, in accordance with the maximum membership

degree criteria, the corresponding grading of bi0 ¼ max bj
� �

1�j�n

is the landslide prevention and control efficiency level i0.
Based on the Fuzzy Hierarchy Process Comprehensive

Evaluation Theory, the weights of various impact factors in

the landslide prevention and control efficiency evaluation

system are calculated as vector A,

A ¼ �
0:043, 0:043, 0:085, 0:065, 0:029, 0:075, 0:063,

0:127, 0:275, 0:135, 0:060
� ð7Þ

Engineering Application Example

Taking the governed and representative Liujiabao Landslide in

Three Gorges Reservoir Area for example, the evaluation

model proposed in this paper is applied to conduct evaluation

and compare with the results by traditional qualitative determi-

nation on site in order to verify whether this model is reliable.

Liujiabao Landslide is a non-wading accumulative land-

slide in the Three Gorges Reservoir Area, which is located

on the right bank, Lijia Ditch, Sanmasan Community, Fengjie

County, north-south trending. This landslide covers an area of

about 6.5 � 104 m2 with a size of approximately

235 � 104 m3. As this landslide is situated in the resettlement

key area and is close to the Transportation Bureau, Sanitation

Bureau, Bureau of Retired Veteran Cadres and other govern-

ment agencies, its hazard is prominent. The governance project

of Liujiabao Landslide had been completed in early 2007.

In order to conform to urban development, this landslide

prevention project adopts the “slope cutting and backfill +

multi-level slope protection works + surface drainage sys-

tem” prevention and control program adhering to the design

concept of “transforming slope into terrace”: the front edge
of the slope is compacted and backfilled in layered manner

by earth-borrow at the slope gradient of 1: 2; the middle and

upper surfaces of the slope are leveled according to the slope

ratio of 1.75, each 10 m elevation difference is classified as a

level of banquette, a total of seven levels. A 2 m wide

bridleway is constructed between the banquettes. Upon

completion of backfilling earthwork, the slope surface is

constructed with the slope protection and surface intercep-

tion and drainage system by stone blocks with cement mor-

tar. In accordance with the analysis and calculation of visit

surveys and abundant investigation design data, the layout of

landslide prevention projects is relatively reasonable,

coordinating with the urban construction (not affecting the

lower traffic roads and real estate development), the main

structures of project (slope protection lattice and drainage

system) are intact and non-destructed, while only the trailing

edge of the landslide and the damp surface of side ditch

concrete beams on both sides have been slightly corroded.

Nowadays, the upper part of slopes are constructed with

roads and building (trailing edge loading), and human engi-

neering activities are frequent, but there is no abnormality in

displacement monitoring (within the reasonable fluctuation

range). In addition, there is no obvious signs of deformation

on the slope surface after landslide hazard governance.

Accordingly, the qualitative judgment deems that the land-

slide prevention and control efficiency is excellent.

The Comprehensive Analytic Hierarchy Fuzzy Theory

was used to evaluate the prevention and control efficiency

of Liujiabao Landslide. After completing the field geological

survey and the collection of design and construction data,

monitoring displacement data, this evaluation model was

used to grade the Liujiabao Landslide in line with the pre-

vention and control efficiency grading standard as follows:

I

II

III

IV

0 0 1 0 0 0 0 0 1 0 1

0 1 0 0 1 1 1 1 0 0 0

0 0 0 1 0 0 0 0 0 1 0

1 0 0 0 0 0 0 0 0 0 0

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11

����������
Accordingly, it can derive R (the fuzzy subset on U � V).

R ¼ rij
� �

m�n

¼
0 0 1 0 0 0 0 0 1 0 1

0 1 0 0 1 1 1 1 0 0 0

0 0 0 1 0 0 0 0 0 1 0

1 0 0 0 0 0 0 0 0 0 0

2
664

3
775
T

ð8Þ

The weight vector of those 11 evaluation factors in the

landslide hazard prevention and control efficiency evalua-

tion is vector A:

Thus,

B ¼ A � R ¼ 0:430; 0:340; 0:210; 0:043ð Þ

In accordance with the principle of fuzzy judgment maxi-

mum membership degree, the prevention project prevention

and control efficiency of Liujiabao Landslide is excellent,

and this evaluation result is in consistent with the qualitative
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judgment result on site, indicating that this model has good

applicability, and providing a reference for the prevention

and control efficiency evaluation of similar landslide

hazards in Three Gorges Reservoir Area.

Conclusions

The landslide hazard prevention project in Three Gorges

Reservoir Area is characterized by various types and

great scale. The implementation of landslide prevention

and control efficiency evaluation has great significance

on improving landslide project design and safeguarding

people’s life and property safety.

In this paper, in accordance with the summary of

landslide hazard prevention and control technologies in

Three Gorges Reservoir Area, it has primarily established

landslide hazard prevention and control measure evalua-

tion system in Three Gorges Reservoir Area. In addition,

it has also developed the prevention and control effi-

ciency evaluation criteria and established the prevention

and control efficiency evaluation model, based on fuzzy

analytic hierarchy theory. The engineering examples

verified the reliability and practicability of this model.

The research contents will have important theoretical

and practical significance on achieving effective feedback

for landslide prevention and control efficiency, and

providing reference and basis for the landslide prevention

project design and engineering decision-making

departments. The susequenct activities will further

improve the prevention and control efficiency grading

standard and make in-depth discussion on the value of

factor weight for this evaluation model.
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Fiber Optic Strain Monitoring and Evaluation
of a Slow-Moving Landslide Near Ashcroft,
British Columbia, Canada

David Huntley, Peter Bobrowsky, Zhang Qing, Wendy Sladen, Chris Bunce,
Tom Edwards, Michael Hendry, Derek Martin, and Eddie Choi

Abstract

Landslides in British Columbia are costly geological hazards that have challenged the

major rail companies for over 120 years. Presented here are preliminary results and

analyses of fiber Bragg grating and Brillouin optical time domain reflectometry monitoring

of a deforming trackside lock-block retaining wall on the Ripley Slide in the Thompson

River valley south of Ashcroft, British Columbia. Fiber optic strain data are evaluated in

the context of results from global positioning system monitoring, field mapping and

electrical resistivity tomographic survey across the landslide. This research aims to reduce

the economic, environmental, health and public safety risks that landslides pose to the

railway network operating in Canada and elsewhere.

Keywords

Railways � Ripley Slide � British Columbia fiber Bragg grating � Brilllouin optical time

domain reflectometry � Global positioning system � Electrical resistivity tomography

Introduction

The Thompson River valley south of Ashcroft, British

Columbia, Canada is a unique area where complex glacial

geology, active geomorphic processes and critical transpor-

tation infrastructure (both major national rail lines—CN and

CPR) intersect with, and are affected by a long history of

slope instability. Well-documented landslides along a

>10 km stretch of the valley have been impacting infrastruc-

ture since the nineteenth century (Fig. 1). Because the

economic, environmental and public safety repercussions

of severing both railways in this area would be pronounced,

a multi-year collaborative study has been undertaken to

investigate and monitor landslide activity in this vital trans-

portation corridor (Bunce and Chadwick 2012; Bobrowsky

et al. 2014; Huntley and Bobrowsky 2014).

Landslide Activity in the Thompson River Valley

Large rotational and retrogressive translational landslides

were initially triggered through deep incision of Pleistocene
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sediments by post-glacial Thompson River. Pleistocene

deposits infill a deeply incised Paleogene landscape

consisting of topographic uplands and remnant sections of

paleochannels with moderate to steep slopes. This valley fill

includes multiple glaciolacustrine clay-rich units separated

by tills and outwash gravel related to least three Pleistocene

glaciations (Ryder et al. 1991; Clague and Evans 2003;

Johnsen and Brennand 2004; Tribe 2005).

Although some landslides failed and moved rapidly in

prehistoric times; today and in the recent past, all are slow-

moving reactivated compound features (Porter et al. 2002;

Clague and Evans 2003; Bishop et al. 2008; Eshraghian et al.

2008; Bunce and Chadwick 2012). For most, movement

occurs along weak, sub-horizontal glaciolacustrine zones

confined between overlying till and underlying gravel

deposits and bedrock. This movement is accommodated by

one or more of three failure mechanisms: (1) slow-moving

(2–10 cm/year) rotational failures with large back-tilted

blocks; (2) slow-moving (2–10 cm/year) retrogressive trans-

lational slides with little rotation; and (3) rapid debris slumps

involving flowage and sliding of landslide material (Clague

and Evans 2003). At present, Thompson River affects land-

slide stability by changing: (1) the pore water pressure in the

slope mass and in particular in relation to rupture surfaces;

(2) the supporting force on landslide toes; and (3) through

cutbank erosion, thereby affecting the geometry of the land-

slide (Clague and Evans 2003; Eshraghian et al. 2008).

Ripley Slide

The Ripley Slide is a small (area ca. 220 m � 150 m,

volume 400,000 m3), slow-moving retrogressive transla-

tional landslide (Fig. 2). Fieldwork was undertaken in the

spring, summer and autumn of 2013 to address significant

gaps in our knowledge of the nature of surficial earth

materials, their stratigraphic relationships, and in the

controls on the style of mass wasting at this site. Ten surficial

geology units are defined on the basis of facies and landform

associations, texture, sorting, colour, sedimentary structures,

degree of consolidation, and stratigraphic contact

relationships (Huntley and Bobrowsky 2014). From oldest

to youngest, the mapped earth materials include: Mesozoic

bedrock; Pleistocene colluvium, glaciolacustrine sediments,

till, glaciofluvial sediments; in addition to Holocene collu-

vial deposits, alluvial sediments and anthropogenic fill

(e.g., railway ballast, culverts).

Preliminary results from a global positioning system

(GPS) indicate that the Ripley Slide is in a continual cycle

of stability and instability (Bunce and Chadwick 2012). The

landslide experiences small increments of movement over

time, with documented cumulative horizontal movement

rates ranging from 2.55 mm/year at GPS1, to 36.5 mm/year

at GPS2 and 54.75 mm/year at GPS3 that are consistently to

the WNW (Bunce and Chadwick 2012; Fig. 4). Peak move-

ment rates occur from autumn to winter as river and ground-

water reach minimum levels. Peak river flows, bank erosion,

bed scour, and highest differential between river and ground-

water levels occur from spring to summer (cf. Eshraghian

et al. 2008; Bunce and Chadwick 2012).

Infrastructure at Risk

The Ripley Slide is known to have been active since 1951;

and although movement was slow in the late twentieth

century, cumulatively it was sufficient to open numerous

tension cracks in the main body of the landslide and cause

a visible displacement in the fence line east of the CPR track

by the early 2000s (Bunce and Chadwick 2012). In 2005, a

Fig. 1 Significant landslides along Thompson River south of Ashcroft

with approximate dates of activity
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rail siding was extended across the landslide that required

upslope cuts and embankment widening, including the

construction of a lock-block retaining wall between the

CN and CPR tracks at the southwest limit of the toe slope,

and in the vicinity of GPS3 (Fig. 2). During the autumn

of 2006 and spring of 2007, track lifting between 10 and

20 mm as often as every 3–6 weeks was required; and a

back scarp of a 40,000 m3 portion of the landslide became

visible in the excavated cut slope east of GPS1 (Fig. 2).

A noticeable depression in the retaining wall coincides

with the maximum detectable surface displacement of

GPS3 (Fig. 3).

The Ripley Slide currently poses a significant hazard to

the onsite infrastructure since both the CN and CPR tracks

run adjacent to each other along the entire breadth of unsta-

ble terrain. On average some 80 trains per 24 h period travel

through the area and therefore cross this particular landslide.

Locomotives traverse the landslide at a precautionary

maximum speed of 30 km/h; so in the event of a derailment,

the potential is low for injury and death of engineers,

conductors, passengers and other individuals.

Potential environmental damage to Thompson River and

groundwater by spilled dangerous goods is also minimized

at this speed (Bunce and Chadwick 2012). Unfortunately, as

the magnitude and frequency of landslide activity increases,

the frequency of track maintenance and operation costs rise.

Consequently, the economic repercussions of a severed rail-

way here remain pronounced.

There are three strategies for railways to reduce the risks

associated with landslides in the Thompson River valley:

(1) avoid landslide-prone terrain—not possible at the Ripley

Slide and surrounding area; (2) stabilize the landslide—an

unresolved and prohibitively costly geotechnical problem at

this and other landslides in the Thompson River valley; and

(3) monitor for unsafe ground movement—the most cost

effective risk management approach for this landslide

(Bunce and Chadwick 2012).

Landslide Monitoring

A large consortium of research partners has embarked upon

a detailed multi-year study to investigate the Ripley Slide

(Bobrowsky et al. 2014). The objective of this collective

effort is to better understand and manage the Ripley Slide,

and by extension other landslide hazards in Canada and

elsewhere.

An extensive array of monitoring technology has been

installed that includes traditional applications including

permanent monitoring using GPS stations and piezometers;

as well as subsurface investigations involving drilling and

borehole logging, electrical resistivity tomography (ERT),

electromagnetic (EM), ground penetrating radar (GPR),

seismic reflection and refraction surveys. In addition, our

work involves the application of fiber Bragg grating (FBG)

and Brillouin optical time domain reflectometry (BOTDR)

and subsurface inclinometry using ShapeAccelArray (SAA),

the installation of corner reflectors for satellite based

(RADARSAT-2) interferometry and the deployment of

ground-based SAR and LiDAR for ongoing quantitative

assessment (Bobrowsky et al. 2014). The focus of this

paper is the installation, preliminary results and interpreta-

tion of fiber optic monitoring systems; and comparison with

GPS and ERT data.

Fiber Optic Monitoring

Conventional vibrating wire piezometers, inclinometers,

strain gauges, accelerometers and geophones require a

large number of cables per installation, experience electro-

magnetic interference and signal degradation with long

distance transmission, and generally have low long-term

reliability. In contrast, sensors systems using optical glass

fiber cable do not have these limitations, making them

Fig. 2 Overview of the Ripley

Slide highlighting the location of

GPS monitoring stations (GPS1-

4) and InSAR corner reflectors

(GSC1-9); fiber optic monitoring

systems are installed along the

retaining wall separating the CPR

and CN tracks; maximum

displacement of the landslide

occurs at GPS3; view to south
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reliable for monitoring strain and pore water pressure in

landslides. In addition to being more cost effective, fiber

optic systems also have performance advantages including

higher data resolution and faster sampling rates (e.g., Huang

et al. 2002; Yoshida et al. 2002; Yong et al. 2005; Laudati

et al. 2007; Xu et al. 2007; Huafu et al. 2011).

For this study, strain (and temperature) in the lock-block

retaining wall was monitored by a combination of FBG and
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Fig. 4 FBG displacement

monitoring curves for May 2013

Fig. 3 Installation, monitoring, data telemetry and analysis: (a) mea-

suring out and calibrating fiber optic cables; (b) bonding of cable

network to lock-block retaining wall; (c) displacement sensing strain

gauges bolted to the retaining wall block; (d) bungalow housing data

acquisition and transfer modules; (e) panorama of retaining wall

showing movement of GPS3 (blue arrow) and location of strain

indicated by BOTDR (black arrows); (f) plan of FBG and BODTR

cables on retaining wall, strain locations indicated (thin black vertical
bars)
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BOTDR. Installationwas undertaken in late April to earlyMay

2013 and overseen by the Geological Survey of China (CGS)

and Geological Survey of Canada (GSC). Following calibra-

tion (Fig. 3a), a combination of household epoxy resins, caulk-

ing products and foam fillers were used to glue fiber optic

cables and sensors to the concrete blocks (Fig. 3b). Linear

displacement between monitoring and fixed points was

recorded by angular displacement sensors and converted into

corresponding electrical signals (Fig. 3c). These data processed

on site (Fig. 3d) then accessed by wireless transmitter from

remote terminals at the CGS and GSC offices where informa-

tion is analyzed through monitoring software (Fig. 3e, f).

Preliminary Results

The two FBG displacement sensors detected no obvious

displacement following equipment installation on May 9

2013. FBG sensor measurement results are influenced by

temperature (Fig. 4). BOTDR monitoring curves for May,

June and July 2013 are presented in Fig. 5. These curves

have a relative shift compared to the initial curve following

installation on May 4 2013. Four places with obvious strain

are recognized at 1,060 m, 1,230 m, 1,320 m and 1,610 m

(Figs. 3e, f and 5a, b). Strain is also detected in other places

along the array (Fig. 5a, b).

Analysis and Evaluation with Other Techniques

Initial shifts in FBGandBOTDRcurves are probably attributed

to strain in the optical fiber produced by the process of glue

solidification (Figs. 4 and5). The four strain locations identified

using BOTDR (Figs. 3e, f and 5a, b) bracket the area of

maximumdisplacement captured byGPS3 and likely represent

hinge lines developing in the sagging retaining wall (Fig. 3b).
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Fig. 5 BOTDR monitoring curves: (a) May 2013; (b) June and July 2013; ellipses correspond to strain locations at 1,060 m (1), 1,230 m (2),
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Geophysical data provide insight into potential sub-

surface structures that are manifesting as sources of strain

in the retaining wall. ERT results reveal a high relief bedrock

surface overlain by a 10-60 m + thick package of clay, till

and groundwater-rich gravel (Fig. 6). Discrete curvilinear

ERT features are distinguishable along Lines B, C, D and E

that are interpreted as failures planes in clay beds beneath

the rail ballast and retaining wall (Fig. 6).

Conclusions

This paper is a collective effort to better understand and

manage the Ripley Slide, and by extension other landslide

hazards in Canada and elsewhere. We demonstrate that

distributed fiber optic strain monitoring yields meaning-

ful results, especially when considered in the context of

other geological and geophysical information.

For the duration of monitoring (~3 months), FBG

sensors detected no displacement of blocks. BOTDR

detected strain corresponding to the zone of broad

downwarping in the lock-block retaining wall, and maxi-

mum horizontal displacement of GPS (Figs. 3e, f and 5a,

b). Field observations and preliminary ERT data reveal

the presence of thick accumulations of clay and other

glacial deposits, groundwater, and listric (curvilinear)

landslide failure planes beneath CN and CPR tracks,

retaining wall, and extending upslope above the railway

right-of-way (Fig. 6).

Three months of FBG and BOTDR data were col-

lected for the Ripley Slide before the installation was

damaged by black bear activity (Fig. 7a, b). In addition,

epoxy resin and caulking products failed during

prolonged intervals of sub-zero temperatures, so that

cables are no longer attached to the retaining wall in

many places. Periodic on-site visits were also required

to trouble-shoot hardware, software and telemetry issues.

Despite these apparent setbacks, the real-time monitoring

possibilities warrant continued application of FBG and

BOTDR monitoring at the Ripley Slide. To address these

problems, solutions will be developed during pre-

fieldwork technical workshops at CGS and GSC offices.
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Landslides Susceptibility of Chittagong City,
Bangladesh and Development of Landslides
Early Warning System

Reshad Md. Ekram Ali, Lloyd Warren Tunbridge, Rajinder Kumar Bhasin,
Salma Akter, Md. Mahmood Hossain Khan, and Mohammad Zohir Uddin

Abstract

Chittagong, the second largest city of Bangladesh is mostly developed on the hilly areas.

Hills are mostly covered with loose and weathered Tertiary sedimentary rocks susceptible

to landslides. Deforestation and hill cutting are also accelerating the destructive process of

landslides considerably. Generally, due to heavy rainfall, within a short period of time,

water easily infiltrates into the loose rocks and soils which increase the pore water pressure

and finally exceeds the shear strength of the materials to initiate landslides under the

influence of gravity. On the basis of landslides history, slope characteristics, geology and

geotechnical properties Chittagong City and surroundings have been divided into four

landslide hazard zones. East of Chittagong City, zone-I is most susceptible to landslides

and the city is progressively less susceptible further westward up to zone IV. Batali hill,

Bayjeed Bostami, Chittagong Cantonment, Chittagong University Campus and their

surrounding areas have been identified as most susceptible areas to landslides. Prevention

of landslides in most cases requires costly engineering solutions. Therefore, mitigation

through timely evacuation of people from landslides susceptible areas is the best solution to

combat landslides. Two automated rain gauges installed in high risk zone with built-in

rainfall threshold values. Threshold values for early warning of landslides are 100 mm in

3 h, 200 mm in 24 h and 350 mm in 72 h. These rain gauges send real time early warning to

the registered mobile phones so that first responding organizations can take action straight

away before landslides happen.
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Introduction

In the southeast of the country, Chittagong City has devel-

oped partly in hilly area and rest on the coastal plain. The area

is bounded by longitudes 91� 460 to 91� 500 and latitudes 22�

220 to 22� 290 (Fig. 1). Hills are mostly composed of loose and

weathered Tertiary (65 m.y.–1.8 m.y.) sedimentary rocks

prone to landslides. In and around Chittagong City more

than 200 people killed due to landslides between the years

2006 and 2013. Rainfall induced landslides are common here

like in other tropical mountainous regions of Southeast Asia

(Brand et al. 1984; Guidicini and Iwasa 1977; Lumb 1975).
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The purpose of the investigation is to find out the causes of

landslides, landslides hazard zoning and to establish a landslides

early warning system to save lives and properties. Study

includes development of a landslides zoningmap of Chittagong

City and establish a network of automatic rain gauges for

landslides early warning. Moreover, the scope of the study is

to help the policy makers, engineers, town planners and

geologists to build a reasonably geo-hazards free safe hilly city.

The climate of the area falls under tropical monsoon

climate. Themeanmonthly maximum andminimum temper-

ature ranges between 78.76 to 90.44 �F and 55.88 to77.38 �F.
The monthly average minimum and maximum rainfall is

0.66 mm (January) and 74.70 mm (July) respectively. The

yearly average rainfall is about 279.65 mm (Anonymous

2010). The northwester and monsoon are mainly responsible

for the rainfall in the area. About 90% of yearly rainfall occur

between the months of June and October.

The geological and geotechnical behavior of the landslide

materials and nature of failures have been studied in detail.

Landslide areas have been plotted on the geologicalmap of the

area and correlated with the regional geology and geological

structure of the area. The geological structures, rock types,

nature of weathering, groundwater condition of the area have

also been studied for landslide hazard zoning of the area.

Most of the landslides are triggered by rainfall. Event based

rainfall data of the area has been collected and analyzed to

determine the threshold values of rainfall to trigger landslides.

Accordingly an automated rain gauge network has been installed

in the area to warn people via mobile phone to local administra-

tion and first responding organizations to take necessary steps to

save lives and properties from potential landslide hazard.

Geomorphology and Geology of the Area

Tectonically Chittagong area is along the western edge of the

tectonically active Tripura-Chittagong Folded Belt (Guha

1978). The folds are mostly tight, plunging and faulted in

nature with NNW-SSE alignment (Karim et al. 1990).

Chittagong City can be divided into three broad distinct

geomorphological divisions: (1) hilly area (2) fluvio-tidal

plain and (3) tidal plain (Fig. 2). For landslides investigation

only hilly areas have been considered. Chittagong City is

located in the southern plunging part of the Sitakund Anti-

cline. The anticline is asymmetrical and has steeper western

(faulted) flank and gently sloping eastern flank. The folded

sediments are highly twisted and distorted in the plunge area

around the city (Muminullah 1978; Hasan 1981).

Around Chittagong City, from east to west, exposed

geological formations are Dihing Formation, Dupi Tila

Formation, Tipam Sandstone and Bokabil Formation

(Alam et al. 1990). Under different environments, these

formations (Fig. 3) were deposited in Mio-Pliocene time

(25 m.y.–2 m.y.). As a result their rock types as well as

their geotechnical properties are different. Moreover, since

its deposition, the rocks have experienced different climatic

changes as well as tectonic activities, which ultimately

influenced the geotechnical properties of the rocks.

Locations of landslides on landslide hazard zoning map of

Chittagong city indicate that most of the landslides occurred

in sandstone of Dupi Tila Formation of zone II (Fig. 4).

Fig. 1 Location map of Chittagong area

Fig. 2 Geomorphological map of Chittagong city and its environs
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The hills of Dupi Tila Formation have a rugged topogra-

phy formed of numerous ridges and valleys. The hills are

dome shaped with flat top having an average elevation of

about 30 m from the ground. The lengths of the hill slopes

are very short (15–50 m) and their gradient varies from 10�

to 40�. The profile of the slopes is concave to convex and

finally fairly regular. Two types of valleys developed here.

V-shaped valleys having higher gradient in the eastern side

than the western. Valleys across the strike are symmetrical,

shallow, U-shaped, open and smooth. The hills are rolling

type with sub dendritic medium dense drainage system

(Karim et al. 1990).

Description of Landslides

Most of the landslides are small in size but there are number

of slides at each location. Repeated landslides one after

another at some locations might be the main cause of high

death toll. In most cases once a landslide happened, people

start rescue operation but subsequently anothr landslide

buried even the rescuers.

Most of the landslides were initially slide type but finally

terminated as dry flow, only exception was some rock falls

in some places. In many places around the city slopes

were almost 90� due to hill cutting and a combination of

slide and fall and finally flow have occurred over the

adjacent area.

Each landslide has well-developed main scarp and sur-

face of rupture. The slope materials are loose sandstone with

little or no silty shale or shale. High permeability of slope

materials allows rainwater to infiltrate easily. Most of the hill

slopes were barren except small bushes and grass cover

sparsely. The heights of main scarps are about 1 m or less.

In some places above the main scarps, lunar cracks devel-

oped in the crown of the landslides. At these lunar cracks

rainwater infiltrated more and more to initiate the surface of

rupture. The main bodies of the landslides are generally free

from minor scarp and debris. Sediments slide with extraor-

dinary rapid movement under the influence of gravity rolled

over the hill slopes and started to flow over the gentle part of

the slopes.

Fig. 3 Geological map of Chittagong City and its environs
Fig. 4 Landslide hazard zoning map of Chittagong City and its

surroundings
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Causes of Landslides

The causes of landslides mostly related to the change in

hillside equilibrium. The three factors that influence stability

of hill slopes are (Coates 1981).

Internal Properties of the Earth Materials

Landslides have mostly occurred along N-S alignment in the

eastern part of the city. Around Chittagong City Dupi Tila,

Tipam and Bokabil formations are exposed. But landslides

occurred mostly in sandstone of Dupi Tila Formation. Sand-

stone consists of 52–74 % medium to coarse sand, 28–45 %

fine sand and only 2–4 % silt. Field investigation and labora-

tory tests indicate landslides happened in sandstone that

consists of very little or without silt and clay. Sands are

medium to coarse grained, poorly sorted, moderately weath-

ered, loose with no cementing materials, highly porous and

permeable and easily powdered between the fingers indicates

little bond strength between individual particles. It is mas-

sive, joints and fractures are not common but occasionally

with inter-bedded iron bands. Unconfined compressive

strength, cohesion and angle of internal friction of sandstones

ranges from 1.2 to 1.8 kgf/cm2, 0.0459 to 0.0801 kg/cm2 and

32.3� to 34.3� respectively. Hezen’s uniformity coefficient is

less than 2. Specific gravity ranges from 2.39 to 2.57 and

permeability ranges from 0.2116 to 0.5184 cm/s.

Geomorphic Setting and Environment

The area is characterized by low dome like hills with flat top.

The flanks of the hills are very short in length (15–50 m).

Natural slope angle of landslide areas varies from 34� to 84�

but most of the slopes are more than 40� which is greater

than the average values of angle of internal friction of slope

materials (26�–34�). Therefore, under natural condition

slopes were unstable. The profile of the slopes is concave

at the top, convex at the middle and fairly regular at the

bottom. The valleys and gullies, which follow the east-west

direction are shallow U-shaped, open and smooth. The

valleys trending north-south are relatively deeper and

V-shaped, elongated and parallel to the strike of the bedding.

The hills are rolling type with sub-dendritic and medium

dense drainage. The hill slopes are devoid of large trees and

covered with grass and shrub type vegetation.

Independent External Factors

External factors are triggering factors those cause landslides.

The three most common triggering mechanisms of landslides

are excessive precipitation, human activities, and

earthquakes. There is no record of earthquakes on or close

to the day of landslides. Human activities like hill slope

cutting and deforestation are common. Chittagong city is

familiar with excessive precipitation within a short period

of time, the important triggering factor for landslides impact.

The magnitude, intensity and duration of the rainstorm

play a role in determining whether a hill slope will fail or

not. Rainfall lubricates and increases the weight of slope

materials. Excessive rainfall weakens earth materials by

displacing air and increasing the pore water pressure along

shear surfaces. Conditions that enhance ultimate failure

occur when surface materials are porous and permeable

and are underlain by materials of low permeability. Absence

of inadequate drainage of rainwater also causes more infil-

tration into the ground.

Mechanism of Landslides

The slopes were almost barren, rainwater easily infiltrated

into the slope materials that ultimately increased the pore

water pressure. As a result, crown cracks developed on top

of hills, cracks allow more and more water to infiltrate into

the materials. Continuous heavy rainfall resulting pore water

pressure exceeded the shear resistance of the slope materials.

Landslides began to start when this shear resistance thresh-

old is exceeded by pore water pressure.

The pore water pressure normally developed in the con-

vex part of the slope. As the pore water pressure exceeded

the resistance of the materials, the slope materials started to

move. Initially, the convex parts of the slope materials with

huge volume of water began to slide and jumped over the

concave part and eventually on fairly regular part (settle-

ment areas) of the slope. Sediments slide with extraordinary

rapid movement, destroyed and buried people and houses

and finally the slide terminated as dry flow due to non-

cohesive nature of slope materials. The stages of develop-

ment of landslides can be summarized as below:

• Due to heavy rainfall, rainwater easily infiltrated into the

slope materials that increased pore water pressure.

• Crown cracks developed on top of hills, cracks allow

more and more water to infiltrate into the materials.

• Resulting pore water pressure exceeded the shear resis-

tance of the slope materials.

• Landslides began to start when this shear resistance

threshold is exceeded by pore water pressure.

Landslides Prevention and Control

Choice of landslides prevention and control measures

depend upon the geological condition, physiography, avail-

able technology and above all the socioeconomic condition
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of the people. According to Donald R. Coates (1981), impor-

tant methods of landslides prevention and controls are:

Avoid Method: If slope is really dangerous and landslides

control measures are costly, the only viable solution is com-

plete avoidance of the area.

Water Control Method: Normally rainwater infiltrates into

the soil materials of slopes and make them vulnerable to

landslides. Proper drainage of rainwater from the slope instead

of infiltration into the soil can reduce considerable landslide

vulnerability. This can be achieved easily by aforestation and

construction of appropriate drainage structures.

Excavation Method: The main objective of excavation

method is to make slope stable by modifying the slope

angle so that angle of internal friction of the slope materials

is higher than the slope angle.

Retaining Structure: Important structures for slope stabil-

ity are by buttresses, shear keys, retaining walls, guide walls

etc.

Miscellaneous: These are the special methods for slope

stability normally used for specific cases which include

grouting, electro-osmosis, temperature changes, etc.

Best prevention method for Chittagong area will be com-

plete avoidance of dangerous slopes. Second option will be

excavation method that suggests reshaping the slope so that

the slope angle is less than the angle of friction of slope

materials. Thirdly retaining structures like retaining wall,

guide walls or buttresses can be constructed here to protect

the slopes from further landslides. Above all to develop real

time landslides early warning should be the best option to

save lives.

Landslides Susceptibility Zoning and Early
Warning

On the basis of rock types, their geotechnical properties and

locations of past landslides, hilly part of Chittagong City and

its surrounding areas have been classified into four zones.

These zones are very closely correlated with the geology of

the area. Depending on past landslides data, Zone I is most

dangerous and Zone IV is comparatively less dangerous for

landslides hazard. In Zone I rock type is mostly loose, highly

weathered sandstone and Zone IV is mostly compacted

shale. Considering the age of the rock types, Zone I is

younger than Zone IV (Fig. 4).

Under present situation, it is most important to save

people and properties from the potential hazard of

landslides. To this purpose the Geological Survey of

Bangladesh (GSB) and the Norwegian Geotechnical Insti-

tute (NGI) are working together to reduce the risks from

landslides in Chittagong City. Rainfall induced landslides

are common phenomenon in Chittagong and in adjoining

areas where scores of people are being killed each year due

to landslides. The co-operating partners have developed an

early warning system to forecast rainfall induced landslides

in Chittagong so that people can be aware of impending

landslides beforehand.

Event based rainfall data are statistically analyzed

(Figs. 5 and 6) to determine the Rainfall Threshold Values

for landslides (Table 1)

Automatic rain gauges for Landslides Early Warning

have been installed in Chittagong City Corporation and

Chittagong University Campus which record rainfall data

every 15 min and send it to an online system. In addition,

the rain gauges have been programmed to send SMS

messages to registered mobile phones of ten organizations/

personnel as soon as the rainfall thresholds, which have been

set-up in the system are exceeded.

Rainfall Threshold Values for Chittagong City are:

3 h: 100 mm

24 h: 200 mm

3 Day: 350 mm

These rain gauges send real time early warning to

the registered mobile phones so that first responding

organizations can take action straight away before landslides

Fig. 5 Statistical analysis of raifall data

Fig. 6 Return periods analysis of extreme rainfall events
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happen. This is intended to facilitate the evacuation of the

people residing close to landslides prone areas. The auto-

matic rain gauges installed in Chittagong are receiving

power from a solar panel to charge the batteries and requires

only mobile telephone coverage at the installed location. The

stations work with standard mobile telephone SIM cards and

do not require any special infrastructure from the local

mobile telephone operator (Fig. 7).

Conclusions

Heavy rainfall in short span of time is the main cause

of landslides in and around Chittagong City. At the

same time, the geotechnical properties of the slope

materials (loose, well-graded sand, low internal friction

angle, high permeability and porosity, and weathering

characteristics) are also responsible. In some cases, hill

cutting accelerates the process of landslides but was not

the main cause of landslides.

Depending on geology, geotechnical properties of

rocks and locations of landslides in Chittagong City and

its surroundings, the area have been classified into four

landslide hazard zones. Of these, Zone I is more

susceptible to landslides and Zone II, III and IV are

comparatively less susceptible progressively.

Rainfall is the main triggering factor of landslides and

it is statistically calculated that 100 mm rainfall in 3 h,

200 mm in 24 h and 350 mm in 72 h can be the thresholds

values of rainfall to warn the people before landslides

happen.

Accordingly two automated rain gauges have been

installed in and around Chittagong City. If threshold

values exceed, the system automatically send landslide

early warning to ten selected mobiles of local administra-

tion and fist responding organizations so that they can

alert people in advance before landslides. The ultimate

goal is to save the people from landslide disaster and

build a landslide resilience community.
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Part VIII

Side Events



Introduction: Session D1-D4—Side Events of World
Landslide Forum

Bin He and Kyoji Sassa

Abstract

The session of Side Events is a first try in WLF3. Totally, there are five side events in

WLF3: Student Session; Landslide Teaching Tools; Dialogues on Country Landslide

Issues; SATREPS Project “Development of Landslide Risk Assessment Technology in

Vietnam”; Inter-graduate School Program for Sustainable Development and Survivable

Society (GSS), Kyoto University. For the session D1-D4, 32 abstracts are submitted and 18

full papers are contributed by landslide researchers from different parts of the world. This

introductionary paper provides a brief overview on the D section of the WLF3 volume.

Keywords

Landslides � Forum � Side events � D session

Introduction of Session D

Student Session

Conveners: Bin He, Hongjian Liao, Sangjun Im, Oleg

Zerkal, Chunjiao Wang, Dwikorita Karnawati.

In the student session, professors are invited to participate

and the students are encouraged to build networks among

their peers to discuss their research and findings. The

students will have an opportunity to give a technical oral

presentation on their research which will facilitate coopera-

tion within the landslide research. An award will be given to

the best oral presentation in this student session.

Landslide Teaching Tools

Conveners: Kyoji Sassa, Ko-Fei Liu, Nmsi Arambepola,

Fausto Guzzetti, Osamu Nagai, Bin He.

ICL is developing Landslide Teaching Tools to facilitate

landslide education. The Teaching Toolbox contains five

parts: (1). Mapping and Site Prediction, (2). Monitoring

and Early warning, (3). Testing and Numerical Simulation,

(4). Risk Management and Others, (5). Country Practices

and Case Studies. The Teaching Toolbox contains three

types of tools.

• TXT-tools consisting of original texts with figures

• PDF-tools consisting of already published reference

papers, manuals, guidelines, and others

• PPT-tools consisting of PowerPoint® files made for

lectures.

The initial TXT tools was published as a full color book-

let in 405 pages. PDF tools and PPT tools are contained in

DVD. Each tool has its own Identifiers consisting of country

number, organization number and tool number. The

contributing organization maintains a copyright of its teach-

ing tool and shall update and improve the content periodi-

cally. New members can contribute their teaching tools with

their own identifier number. The ICL teaching tools will be

enhanced and improved as the effective and practical tools.

B. He (*)

Key Laboratory of Watershed Geographic Sciences, Nanjing Institute

of Geography and Limnology, Chinese Academy of Sciences, Nanjing

21008, China

e-mail: hebin@niglas.ac.cn

K. Sassa

International Consortium on Landslides, Kyoto 606-8226, Japan

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 1,
DOI 10.1007/978-3-319-04999-1_60, # Springer International Publishing Switzerland 2014

431

mailto:hebin@niglas.ac.cn


Dialogues on Country Landslide Issues

Conveners: Srikantha Herath, Hiromitsu Yamagishi, Luis

Eveline, Pavle Kalinić, Saowanee Prachansri, Dangsheng

Tian, Adil Neziraj, Mohd Jamaludin Md. Noor, Madhav

Karki, S. Diop.

The WLF3 is not only about the presentation of research

papers. This session is planned to give an opportunity for

open discussion on a country’s landslide issues and

exchange experiences between different countries.

Practitioners, government officers, community leaders, and

individuals tackling landslide disasters as well as landslide

experts who have completed investigations in other

countries and cooperated for landslide disaster reduction

are invited to present and exchange their experiences with

other participants. Please be free to contact with “ICL-Net-
work” < icl-network@iclhq.org > as well as D3 conveners.

SATREPS Project “Development of Landslide
Risk Assessment Technology in Vietnam”

Conveners: Kyoji Sassa, Van Tien Dinh, Toyohiko Miyagi,

Hirotaka Ochiai, Do Minh Duc.

The Government of Japan founded a new SATREPS

(Science and Technology Research Partnership for Sustain-

able Development) programme to cooperate with develop-

ing countries to solve global issues including disaster

reduction. One of the ongoing projects is “Development of

Landslide risk assessment technology in Viet Nam”. The
Vietnam project includes four groups of mapping, testing,

monitoring and integration and teaching aspects. The project

plans to develop new technology and equipment which can

be practically used in the cooperation between countries

through technological development, education, and donation

of equipment. Those who are interested in this project are

invited to participate in this session.

Inter-graduate School Program for Sustainable
Development and Survivable Society (GSS),
Kyoto University

Conveners: Hiroshi Fukuoka, Kaoru Takara.

This session introduces an interdisciplinary 5-year grad-

uate school program, which Kyoto University has launched

in cooperation with nine graduate schools (Education, Eco-

nomics, Medicine, Science, Engineering, Agriculture, Asia

and African Area Studies, Informatics, and Global Environ-

mental Studies) and three research institutes (Disaster Pre-

vention, Sustainable Humanosphere, and Southeast Asian

Studies) of the university. This GSS (Global Survivability

Studies, for short) program intends to produce excellent

global leaders in safety and security areas, providing

graduate students with various opportunities such as field

exercise, internship training, interdisciplinary seminars,

international school programs, university-industry projects,

and international cooperation projects in four major areas of

interest in the framework of GSS: natural hazards and

disasters, man-made disasters and accidents, regional envi-

ronmental degradation, and food security, which we are

facing as global/regional threats in the world. Higher educa-

tion matters are also discussed in this session.

Compendium of Seven Papers Contributed to D
Section of WLF3 Volume

Detection of Active Landslide Zone from Aerial
Photograph Interpretation and Field Survey in
Central Provinces of Vietnam

Field survey activities are very important to verify the

characteristics of the landslides. Through such activity

researchers can evaluate probability of landslide occurrence,

recognize active zones, and the type, size and main factors

contributing to landslides. This paper (Luong et al., 2014) has

attempted to explore the distribution of landslides along Ho

Chi Minh road and how the distribution relates to these

controls. With regard to most of the landslides in the study

area, the authors recognized the presence of coal layers within

a landslide left exposed on slopes after landslides occurred.

The slip surface of the landslide has the tendency to parallel

the bedding plane with thin beds or lenses of coal shale. From

aerial photographs, 28 landslides were recognized and the

initial characteristics of landslides were analyzed.

Numerical Assessment of Shallow Landslide
Using the Distributed Hydrological-
Geotechnical Model in a Large Scale

A hydrological–geotechnical modelling system was applied

in Kyushu (Japan) using observed rainfall for a regional

shallow landslide prediction system (Luo et al., 2014). The

physically based distributed landslide model has been devel-

oped by integrating a grid-based distributed kinematic wave

rainfall-runoff model with an infinite slope stability

approach. The resulting time-invariant landslide susceptibil-

ity map shows good agreement with the spatial patterns of

observed landslides in Kyushu region. Application of the

model to calculate the shallow landslides shows that the

model can successfully simulate the effect of rainfall move-

ment and intensity on the spatiotemporal dynamic of hydro-

logical variables that trigger shallow landslides. The result

of this study can be used to develop the potential applicabil-

ity of the modelling system for shallow landslide disaster

predictions and warnings.
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Simulation of a Rapid and Long-Travelling
Landslide Using 2D-RAPID and LS-RAPID 3D
Models

Two process-based computer numerical models for

simulating the generation and propagation of landslide are

developed by integrating the initiation process triggered by

rainfalls and/or earthquakes and the development process to a

rapid motion due to strength reduction and the entrainment of

deposits in the runout path (He et al., 2014). They were

applied in a rapid and long-traveling landslide, which

occurred on 17 February 2006 in the southern part of Leyte

Island, Philippines. As simulation results, the application of

these two simulation models could reproduce well the initia-

tion and the rapid long runout motion of the Leyte landslide.

However, for the deposition area, the 2D landslide model

resulted in a higher and narrower mass volume than the 3D

landslide model. The distributional information of soil param-

eter can be set and the 3D view of the calculated landslide

initiation and runout can be successfully achieved in LS-

RAPID 3D Model. Each of these different dimensional land-

slide models has its respective advantages and disadvantages

depending on the target study area and the type of the area.

The Influence of Countermeasure on Debris
Flow Hazards with Numerical Simulation

The numerical simulation of the influence of

countermeasures on debris flow hazards was demonstrated

with a case study of the Taipei DF024 potential debris flow

torrent (Wu and Liu, 2014). This torrent would be consid-

ered as straight in many simulations. However, unlike the

one-dimensional model reported in previous literatures, the

two-dimensional debris flow model, Debris2D, is applied for

simulation. Two simulation conditions, with and without

countermeasure, are compared. Comparing the results of

two simulation conditions, we find Debris2D is able to

reflect the variation of local topography. In 2D simulation,

some locations identified to be safe by the 1D simulation,

were identified as disaster potential areas. This means a 2D

model is required for debris flow hazards simulation for

evaluation of the countermeasure design efficiency, even

for a straight channel.

Study on Strength and Deformation Behavior of
Loess Slope Supported by Micropiles

Based on the practice of application of micropiles in slope

support engineering and a large-scale field experiment, some

factors influencing the reinforcing effect of micropiles in

step-shaped slope were studied with FLAC software, using

finite difference method (Tian et al., 2014). Firstly, referring

to the scale of the large-scale field experiment, a numerical

model was established and calculations were performed to

study the effect of slope angle, slope height and load position

on the slip surface in order to determine the location of slip

surface based on the loads applied on the top of the slope.

Then, micropiles were arranged on the step-shaped slope

based on the critical slip surface, and the ultimate bearing

capacities of the slope with or without micropiles and with

different numbers of micropiles were calculated, and the

failure modes of step-shaped slope were analyzed. The

reinforcing effect of micropiles with the variation of soil

cohesion and internal friction angle was also studied.

The Simulation of a Deep Large-Scale Landslide
Near Aratozawa Dam Using a 3.0 MPa
Undrained Dynamic Loading Ring Shear
Apparatus

The mechanism of the deep and large-scale landslide near

Aratozawa dam (Japan) was analyzed through a physical

laboratory experiment (Setiawan et al., 2014). Deep land-

slide simulation is conducted by applying high normal stress

to address the assumed slip surface of 150 m depth in the

Aratozawa case. The 3.0 MPa undrained dynamic loading

ring shear apparatus with the high pore-water pressure con-

trolled is used to meet the criteria of deep-seated landslide of

Aratozawa. The effect of groundwater fluctuation and the

inter-linkage with the reservoir in the Aratozawa dam was

found to be the main concern besides the peak ground

acceleration based on the 2008 landslide event. Results

also show that there was no significant deformation in the

Aratozawa dam area when the large Tohoku earthquake,

magnitude 9.0, in 2011. Indication is, that the slide blocks,

ridges and mass depression due to the 2008 event are already

stable. However, the slope and soil mass movement are still

possible in the future.

Stability Analysis of a High Slope Along a Loess
Plateau Based on Field Investigation and
Numerical Analysis

A landslide along a high loess plateau is studied by the

method of field investigation, laboratory test and numerical

analysis (Ma et al., 2014). Based on the information from

field investigation and the results of laboratory test, three-

dimensional stability analysis of the high loess slope is

analyzed using the FLAC3D code and UST model. The

influence of the ground water level variation and the seepage

flow on the slope stability is analyzed. The calculation

results of the ground water level variation suggest that the
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slope reaches an equilibrium state after a certain amount of

deformation is yielded. However, the displacement

increased significantly and the failure of the high loess

slope occurred suddenly when the seepage flow is taken

into account. The analysis results of this paper indicated

that it is necessary to reduce the reclamation and irrigation

along the boundary of the loess plateau, and the stability of

the high loess slope along the loess plateau could be ensured.
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Detection of Active Landslide Zone from Aerial
Photograph Interpretation and Field Survey
in Central Provinces of Vietnam

Hong Luong Le, Toyohiko Miyagi, Shinro Abe, Eisaku Hamasaki,
and Van Tien Dinh

Abstract

Landslides are destructive and an annually recurring phenomena which cause disruption

of traffic and fatalities along transport arteries in Vietnam, especially in central provinces

of Vietnam. These landslides are caused by deep weathering processes, high precipitation

and cut slopes. This paper presents a summary of our findings on some landslides in central

provinces of Vietnam based on aerial photography interpretation and field surveys. It

covers: (1) landform deformation features, (2) types, sizes and dynamic characteristics of

moving masses,(3) geologic structure, (4) active zonation.

Keywords

Central Vietnam � Landslide mapping � Risk evaluation � Deep weathering � Geologic

structures

Introduction

Landslides in mountainous areas and along transport arteries

are a serious hazard. They seriously affect living conditions,

resulting in loss of human life, substantial property damage

and possible disruption of vital transport and communication

links.

In central provinces of Vietnam, along the Ho Chi Minh

road, landslides occur frequently. According to the Ho Chi

Minh project management unit’s report, there are 1,600

landslides and slope failures which account for a total length

of 146 km out of the 2,499 km-long Ho Chi Minh road.

These are mostly concentrated along the 1,200 km from

Quang Binh to Daklak province (central provinces of

Vietnam). Many landslides result from the reactivity of

aged landslides after slopes were cut for road construction.

Most of them occur in the rainy season.

The area studied is located on the 35 km-long Ho Chi

Minh road, between Prao and Thach My towns in the central

provinces of Vietnam (Fig. 1). The area has a tropical mon-

soon climate with two seasons: a typhoon and high rainfall

season lasting from September through March and a dry

season lasting from April through August. The study area

has an annual average temperature of 25.6 �C and receives

an average rainfall of 2,300–2,800 mm. Rainfall is typically

highest between October and November and lowest between

January and April.

Geologically, the study area is situated at the edge of a

Paleozoic fold belt known as the Truong Son Orogenic

Zone, where the main deformation occurred during the

early Carboniferous period. The geological structure has

one complex and five formations: the Dai Loc complex,

the A Vuong formation, Nong Son formation, Huu Chanh
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formation, Khe Ren formation, Ban Co formation. These

consist of gneissogranit, siltstone, sandstone, mudstone,

conglomerate and thin beds or lenses of coaly shale.

The high precipitation and fractured, weathered sedimen-

tary rocks in this area make it extremely prone to landslides.

Identify Landslide by Aerial Photo
Interpretation

100 black and white aerial photographs were used for inter-

pretation and analysis of the area. They are named D2-99

and were taken in 1999. With this approach, landslides can

be easily recognized. Geomorphological features associated

with mass movements such as scarps, landslide bodies,

gullies, trenches, debris flows and rockfalls can also be

mapped. All the landslides could be distinguished as slides,

flows or slope deformations. The state of activity of the

landslides is classified as either active, inactive or dormant.

28 landslides were recognized as shown on Fig. 2. These

were assigned numbers from 1 to 28. Some landslides were

easy to recognize; landslide No. 18 for example has a very

clear main scarp and side scarp. There is no talus deposit and

no weathering shape modifications at the boundary scarp and

the landslide body. The lower part is divided into three to

four sub landslides and slide type changed into that of a

debris flow. The upper half is a typical block, so the body

has low levels of disturbance. In the case of landslide No. 1,

half of the scarp is very clear, and the remaining crown scarp

is dissected. With others landslides, most crown scarps are

dissected. Landslides No. 2, 3, 5 to 17 and from No. 19 to

No. 28 are examples of this. A detailed map of the landslides

in the study are presented in Fig. 2.

Inspection Sheet for Risk Evaluation

An inspection sheet (Fig. 3) was used for risk evaluation of

potential reactivation based on an AHP approach, which

involves the geomorphic factors within and outside of

landslides. On the inspection sheet, some items, as key to

the evaluation of the probability of landslide occurrence,

were categorized as follows. The large categories of classifi-

cation contains: (I) The micro landforms of the landslide

body as an aspect of the characteristics of movement, (II)

The boundary of major landslide landform components as an

aspect of the time process, (III) The landslide topography

and the adjoining environment as an index of geomorphic

setting. They each have the medium classifications of nine

categories; A: manner of movement, B: degree of sharpness

C: degree of instability of landslide body, D: probability

of direct feature of landslide action E: between the top

edge of main scarp and the upper slope F: between the

main scarp and the body, G: between the landslide body

and the frontal slope, H: the toe part of landslide body,

I: the lower part of landslide body. The items of the medium

classifications further divided into small categories, which

were checked indexes in the inspection sheet. Each classifi-

cation was compared as a pair of items based on AHP.

For convenience, the categories as shown on the inspection

sheet are arranged from the left to the right. The detailed

description of this inspection sheet can be seen in Landslide

Risk Evaluation and Mapping—Manual of Aerial Photo

Interpretation for Landslide Topography and Risk Manage-

ment (Miyagi et al. 2004). The inspection sheet is basically

used by highly-skilled engineers. In the case of landslide No.

18 (as mentioned in Fig. 3) the scores are a result of discus-

sion by many engineers. The other landslides not yet

discussed, so scores cannot be put into Table 1. The results

show that landslide No. 18, has a high possibility of

reactivation.

Field Work Surveys

Field work activities on the Ho Chi Minh road involved

verifying the landslides that had been identified during pre-

liminary aerial photo interpretation. Probability of landslide

occurrence was evaluated, and geological structure was

observed. The length, width, and depth of these landslides

were inspected and recorded.

Fig. 1 Location map of study area
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Fig. 3 Inspection sheet of risk evaluation based on an AHP approach to landslides on the Ho Chi Minh road

Fig. 2 Landslide distribution map along the Ho Chi Minh road
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6 landslides (No. 1, 18, 19, 20, 21, 23) within 23 landslide

points were observed in the field. Landslide No. 1, No. 19,

No. 20, No. 23 are likely to be a rockslide (rotational-

translational slide) formed by fractures and displacement

of sedimentary rocks over a weaker layer (e.g. mudstone or

coal layer). There is no other evidence of recent move-

ment—trees on the landslide backwall are straight and not

distorted, nor are there cracks in the ground. Thus, these

landslides are classified as inactive.

In the case of landslide No. 21, no deformation or subsi-

dence is present on the road and foot slope (Fig. 4) but there

are some cracks (Fig. 5) on the crest slope. These cracks

broke the concrete U-ditch along the crest slope and water

effused from the landslide body was observed. Thus, the

authors have assumed that though a small part of the upper

side slope may be classified as active, it is nonetheless a

shallow landslide and the overall landslide is inactive.

In the case of landslide No. 18, there is some evidence

that can be observed on the western half of the field. These

include, for example: the tilting retaining wall, some

dislocations which appear at a certain part of the landslide

body, some tilting trees and a considerable volume of water

effusing from the middle part of the landslide body. The

aerial photo shows that this landslide occurred once, a rela-

tively long time ago, and was followed in 2007 by a reacti-

vation landslide which damaged the road. After that, a

retaining wall was put in place as a countermeasure, and

concrete was used to strengthen the existing road. The

countermeasures were, however, ineffective. The retaining

wall was observed to be tilting, with a displacement of about

5–10 cm, and there were many cracks on the road and

concrete pavement.

This evidence was observed to be distributed only upon

the western half of the landslide area. This landslide is very

large, about 1.5 km in width and 2 km in length. It may be

the case, however, that all its parts may be inactive at

present. Finally, the authors formed the conclusion that the

western half of the landslide area must be more active than

the eastern half (Fig. 6).

Based on field surveys, the authors agreed that the type of

landslide in the study area is a translational-rotational slide.

The size and type thereof were recorded and shown in

Table 1.

Identifying Geological Structure and Making
Observations on the Slip Surface

Geologically, (Fig. 7) the study area is mostly composed of

Jura and Trias sedimentary rocks. The strata exposed in this

area are the Nong Son formation and Ban Co formation. The

Table 1 Characteristics of landslide unit

LS No Size (m) Landslide type Depth of slip (m) Land cover AHP score

01 1,000 � 2,000 Rotational rock slide 70–100 Degraded forest

18 1,500 � 2,000 Rotational slide 70–150 Forest 70

19 260 � 260 Rotational slide 20–35 Forest

20 100 � 250 Translational rock slide 3–15 Forest

21 80 � 125 Translational rock slide 3–15 Forest

23 250 � 350 Rotational rock slide 5–25 Shrubs and grass

Fig. 4 No deformation or cracks on the road at landslide No. 21

Fig. 5 Cracks on top of slope and concrete ditch at landslide No. 21
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Fig. 6 Some evidence of

landsliding was observed at a part

of landslide No. 18

Fig. 7 Geological map of the study area (red colour line: Ho Chi Minh road, LS No. 1, etc: landslide location)
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Nong Son upper formation consists mainly of sandstone and

siltstone with interbeds of conglomerate, athin bed of lenses

of coaly shale, thick seams of anthracite; containing

Cladophlebis nebbensis, Dicttyophyllum nathorstii and

Podozamites lanceolatus. The Ban Co formation consists

of cherty quartz conglomerate, gravelstone, and sandstone,

with interbeds of siltstone; containing Classopollis,

Neoraistrickia taylori, Coniopteris (Geological and mineral

resources map of Viet Nam 1995). This formation is easily

traced in the field as shown in Figs. 8, 9 and 10. It is

necessary to understand the bedding plane in order to under-

stand the patterns and distribution of landslides within the

study area.

Field observation shows that below the weathering crust

about 1–5 m thick, on the upper sedimentary rocks layer,

there are lot of vertical joints (fractures). These fractures

allow water and surface moisture to penetrate the rock and

weaken mudstone, siltstone and the coal layer, causing an

increase in weight, reducing the bonding strength between

two layers and thus promoting failure. With regard to most

of the landslides observed, the authors recognized that

landslides extended into sedimentary rock and were a rota-

tional or translational type of slide, formed by displacement

of sedimentary rocks over a weaker layer (e.g. mudstone or

coal layer). Of particular importance was the presence of

coal layers, shale and mudstone within a slope/landslide

between sedimentary rocks (sandstone, siltstone) as shown

in Figs. 8, 9 and 10. The authors all assume this is a

controlling factor causing landslides in the study area.

In the cases of most of the landslides observed in this

study, the slip surface had been covered by debris, but it was

exposed in landslide No. 20 and 21 (Fig. 9). In these cases,

the slip surface is smooth and parallel to the bedding plane,

and the strike and dip are N45�E and 15�SE. If this bedding
plane is a keybed and controls landslides No. 15–21, we can

calculate the depth of slip surfaces. For example: the depth

of slip surface of landslide No. 15 is 109 m, landslide No. 16

45 m, landslide No. 17 104 m, and landslide No. 18 has a slip

surface of 162 m. These results are not in accord with field

observation and aerial photo interpretation, where the depth

of slip surface often ranges from 1/10 to 1/7 as large as the

width of a landslide. Thus, there may be at least two coal

layers in this study area. This problem will be investigated

during the next survey.

Conclusion and Discussion

From aerial photographs, the authors recognized 28

landslides along the Ho Chi Minh road and have formed

initial characteristics of landslides: landform deformation

features, types, sizes and dynamic characteristics of

movement.

Fig. 8 Coal layer and fractured rock consisting of sandstone, mud-

stone and conglomerate on landslide No. 18

Fig. 9 Coal layer, landslide No. 20

Fig. 10 Coal layer, landslide No. 21
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Field survey activities are very important to verify the

characteristics of the landslides. Through such activity we

can evaluate probability of landslide occurrence, recog-

nize active zones, and the type, size and main factors

contributing to landslides.

All landslides in the study area occur as translational-

rotational slides of well-bedded sedimentary rocks such

as mudstone, sandstone, siltstone and schist. The

landslides reflect the controlling factors of bedding

plane and weathering. This paper has attempted to

explore the distribution of landslides in the study area

and how the distribution relates to these controls.

With regard to most of the landslides in the study area,

the authors recognized the presence of coal layers within

a landslide left exposed on slopes after landslides

occurred. The authors assumed that this coal layer is a

main factor in controlling and causing landslides.

The strata in the studied area are mainly bedded sand-

stone and siltstone. The slip surface of the landslide has

the tendency to parallel the bedding plane with thin beds

or lenses of coal shale.
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Numerical Assessment of Shallow Landslide Using
the Distributed Hydrological–Geotechnical Model
in a Large Scale

Pingping Luo, Apip, Kaoru Takara, Bin He, Weili Duan, and Maochuan Hu

Abstract

Kyushu is the third largest island of Japan. The natural hazards accompanied with

geomorphic changes like landslides and debris flows occur at many places in Kyushu

region. In this study, a hydrological–geotechnical modelling system was applied in Kyushu

using observed rainfall for a regional shallow landslide prediction system. The physically

based distributed landslide model has been developed by integrating a grid-based

distributed kinematic wave rainfall-runoff model with an infinite slope stability approach.

The resulting time-invariant landslide susceptibility map shows good agreement with the

spatial patterns of observed landslides in Kyushu region. Application of the model to

calculate the shallow landslides shows that the model can successfully simulate the effect

of rainfall movement and intensity on the spatiotemporal dynamic of hydrological variables

that trigger shallow landslides. The results of this study can be used to develop the potential

applicability of the modelling system for shallow landslide disaster predictions and

warnings.

Keywords

Numerical assessment � Kyushu � Large scale � Distributed hydrological–geotechnical

model � Shallow landslide

Introduction

Shallow landslides are one of the most dangerous hazards,

occurring frequently with the conditions of heavy rainfall,

steep slope, and unstable soil. Due to the increase of extreme

rainfall under climate change, the shallow landslides are

happening frequently. In previous studies, shallow

landslides have been studied using many methods and

assessed in many countries. Most methods for studying

shallow landslides are divided into categories of statistical

analysis, geophysical mapping, and modelling. Statistical

analysis has been used for assessing shallow landslide sus-

ceptibility in Italy (Piacentini et al. 2012). For geophysical

mapping, the Geographic Information system (GIS) is used

for constructing the landslide inventory map and the spatial

database in Korea (Park et al. 2013) and a demonstration of

mapping regional, rainfall-triggered landslide susceptibility

using a stress transfer mechanism in Taiwan (Liu and Wu
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2008). For modelling methods, the application of radar data

for modelling shallow landslides has been studied in Taiwan

(Chiang and Chang 2009), the location of shallow landslides

and their effects on landscape dynamics has been modelled

and analysed in Northern New Zealand (Claessens et al.

2007), and a three-dimensional deterministic model has

been applied in a mountainous area of Japan (Jia et al.

2012). The physically-based shallow landslides model is

tested for its performance in a high resolution small-scale

landscape in New Zealand (De Sy et al. 2013).

In this study, we use the distributed hydrological–

geotechnical model to identify the location and deposition

of the shallow landslide occurrences in Kyushu Island,

Japan. In addition, the shallow landslides hazard/risk map

that indicates Spatial Dynamic and Time-Variance of Poten-

tial Slope Instability Map and Shallow Landslide Probability

Occurrence are assessed and presented by using the results

from the modelling simulation and ArcGIS. The results of

this research can provide scientific information for the policy

makers and researchers on shallow landslides predictions

and warnings.

Study Site and Data

Study Site

Kyushu Island is the southwest island of Japan. It is

connected with the mainland and close to Shikoku Island.

It is the third largest island in Japan. Kyushu Mountains are

aligned in a north–south direction in the centre island and

comprise the topography of Kyushu Island. At Kyushu

Island, there are four large calderas which are called Aso,

Aira, Ata, and Kikai calderas. The spatial distribution of

rainfall in Kyushu Island is higher than for other regions in

Japan. The Digital Elevation Model and the 120 selected

Amedas rainfall stations are presented in Fig. 1a). There are

stations at St. 82306 (KURUME), St.83431 (UME) and

St.87426 (MIYAKONOJO) that are marked with red circles

that are chosen to identify the trend of average daily rainfall

from 2000 to 2008 (Fig. 3). The trend of average daily

rainfall from 2000 to 2008 indicates that the most extreme

rainfall is in July, August and September. During the sum-

mer season (July, August and September), the shallow

landslides are frequently occurred due to the rainfall storms

and typhoon events (Duan et al. 2014).

Data

The original Digital Elevation Model (DEM) and 100 m

mesh land use data are obtained from the Ministry of Land,

Infrastructure, Transport and Tourism (MLIT), Japan. The

500 m resolution DEM and land use maps (Fig. 1b) which is

resampled from the original DEM and 100 m mesh land use

data are used in this study. The years of observed rainfall

data from 2000 to 2008 of 120 selected Amedas rainfall

stations is from the data provided by the Japan Meteorology

Agency (JMA). The deposition of landslides map (Fig. 2) is

Fig. 1 (a) Digital elevation model and location of Amedas rainfall

stations, (b) Land use map of Kyushu island
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downloaded from the website of Landslides Distribution

Maps database published by National Research Institute for

Earth Science and Disaster Prevention (NIED 2013).

Methodology

Framework of the Modelling System

This study has developed the framework for the shallow

landslide modelling system referred to as debris flows and

characterized by rapidly moving flows of mixed soil and

rock. These shallow landslides often occur on saturated

hillslopes due to heavy or extreme rainfall. The purpose of

this Modelling System is to examine them by mapping areas

of potential slope instability over the river catchment. The

modelling system is designed for assessing the shallow

landslides using a hazard/risk map that induces Spatial

Dynamic and Time-Varying of Potential Slope Instability

Map and Shallow Landslide Probability Occurrence. The

Amedas observed rainfall data has been used for the shallow

landslides hazard/risk mapping.

The framework of the modelling system (Fig. 4) is to

identify where the shallow landslides have occurred, and

“where” shallow landslides may occur in the largerscale

region. The detailed description of the process is given below:

1. The geospatial data and Amedas rainfall data are col-

lected for this study. The geospatial data includes

hydro-sheds geo-data, soil types, land use, and other

observed data. The hydro-sheds geo-data which includes

flow direction and flow accumulation is made from

ArcGIS 10 from the DEM. The distribution of 120

Amedas rainfall stations in Kyushu Island are

interpolated in ArcGIS 10.

2. The Geospatial data is as the input into the distributed

infinite slope stability model to derive a time-invariant

spatial distribution map of the areas susceptible to slope

instability. The catchment area is characterized iby sta-

bility classes according to critical relative soil saturation.

The effect of quasi-static land surface variables such as

geometric characteristics of the slope, geotechnical

properties, and strength parameters of the soil on slope

instability is described in the time-invariant spatial distri-

bution map.

3. The process-based hydrological model which is descripted

in next session is calculated by using the observed Amedas

rainfall data and Geospatial data from step 1.

4. Evaluation of the hydrological model performance

through calibration of a hydrological response was
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carried out by the spatiotemporal dynamics of soil satura-

tion and the observed stream flow discharge from

observed data.

5. Based on the calibrated spatiotemporal dynamics of soil

saturation and the evaluated time-invariant slope stability

spatial distribution map, the long-term spatial dynamic

and time-varying of potential slope instability map can be

drawn out. The hydrological model predicts the dynamic

of soil saturation in each grid element, which is then used

to update the state of relative soil saturation and to assess

local slope instability for whole areas predefined as

potentially stable/unstable.

6. The shallow landslide occurrences probability map of

shallow landslides is calculated from the spatial dynamic

and time-varying of potential slope instability map. The

critical relative saturation level of shallow landslides was

compared with the spatial information found in the land-

slide inventory from the observed data (NIED 2013).

Physically Based Distributed Hydrological
Model

In this study, a distributed hydrological–geotechnical model

was applied for the assessment of shallow landslide risk. The

model links the hydrological model and a slope stability

model. The grid-Cell Distributed Rainfall Runoff Model

Version 3 (CDRMV3) solves the Kinematic wave equation

using the Lax Wendroff scheme at every node of each cell

(Kojima et al. 1997). A Monte Carlo simulation was added

for the evaluation of model performance and uncertainty

analysis of the linked CDRMV3 and Sediment Transport

model (Apip et al. 2010). In addition, a lumped sediment-

runoff model has been developed and applied by Apip et al.

(2012) based on the CDRMV3 model structure using a

steady state assumption. In this modelling framework, catch-

ment topography is represented based on digital elevation

model (DEM) which is divided into an orthogonal matrix of

square grid-cells. A square area on a node point of a DEM is

considered as a sub-catchment, which is called a grid-cell.

The river catchment is modeled as a network of grid-cells.

Each grid-cell receives flows from upper grid-cells and

rainfall on it. These grid-cells are connected to each other

with a drainage path defined by the steepest of

eightdirections. Discharge and water depth diffuse to the

next grid-cell according to predefined eight-directional

flow map and routine order determined in accordance with

DEM and river channel network data. The hillslopes flow is

routed and integrated into the river flow routing model; then

the river flow is routed to the outlet.

CDRMV3 provides the surface and subsurface hydrolog-

ical processes in each grid cell based on the kinematic wave

method. The model simulates three lateral flow mechanisms

including (1) subsurface flow through capillary pores,

(2) subsurface flow through non-capillary pores and

(3) surface flow on the soil layer. At each grid-cell, when

the water depth is lower than the equivalent water depth for

unsaturated flow (0 � h� dm), flow is simulated by Darcy’s
law with an unsaturated hydraulic conductivity km. The

model includes a stage-discharge, q–h relationship for both

surface and subsurface runoff processes [(1), Fig. 5] (Luo

et al. 2013 and 2014):

q ¼
vmdm

h
dm

� �θ

, 0 � h � dm

vmdm þ va h� dmð Þ, dm < h � da

vmdm þ va h� dmð Þ þ
ffiffi
i

p

n
, h� dað Þm, da < h

8>>>>><
>>>>>:

ð1Þvm ¼ kmi, va ¼ kai, km ¼ ka
θ

dm ¼ Dθm, da ¼ Dθa

where q is the discharge per unit width, h (mm) is the water

depth, i is the slope gradient, km (mm/s) is the saturated

hydraulic conductivity of the capillary soil layer, ka (mm/s)

is the hydraulic conductivity of the non-capillary soil layer

(saturated), dm (mm) is the depth of the capillary soil layer

(unsaturated), da (mm) is the depth of the capillary and non-

capillary soil layer, vm and va are the flow velocities of

unsaturated and saturated subsurface flows respectively, θ
is a non-dimensional parameter for unsaturated flow, θa is

the effective porosity of the soil layer (D), θm is the effective

porosity of the unsaturated layer, and n (m-1/3 s) is the

Manning’s roughness coefficient based on the land cover

classes. Initial conditions at each grid-cell were assumed to

be in steady-state. Given the observed discharge at the

catchment outlet, the discharge from every grid-cell was

assigned in proportion to each of the grid-cells upstream to

it, and the assigned discharge in each grid-cell was converted

to the value of the water depth according to the stage-

discharge relationship Equation (1).
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Slope Stability Model

The slope stability model is developed based on the concept

of the infinite slope model, using the factor of safety (FS) that

considers a failure surface. The following are assumed:

(i) failure is the result of translational sliding, (ii) the failure

plane and water table are parallel to the ground surface,

(iii) failure occurs as a single layer, (iv) the failure plane is

of infinite length, and (v) the impacts of adjacent factors are

not taken into account (Apip et al. 2010). For hillslopes,

the safety factor generally is represented as the ratio of the

available resisting force (shear strength) to the driving force

(shear stress). Instability occurs when the shear strength of a

soil layer becomes smaller than the shear stress acting on the

soil. The governing equation of the safety factor used in this

study is based on a Mohr–Coulomb failure law.

Figure 6 illustrates the forces acting on a point along a

slope with potential for failure. The resisting force of a soil

layer is the shear strength (s) as a combination of forces,

including the normal stress (σ), pore pressure (u) within the

soil material, cohesion factors (c), and the effective angle of

internal friction in degrees (ϕ). The resultant force between
normal stress and pore pressure is the effective normal

stress. The resultant force between normal stress and pore

pressure is the effective normal stress. Shear strength based

on the Mohr–Coulomb law can be expressed as follows:

s ¼ cþ σ � uð Þ tanφ ð2Þ

Normal stress is the vertical component of gravity that

resists downslope movement as follows:

σ ¼ ρs g h cos θ ð3Þ

where ρs is the wet soil density (kg/m
3), g is the gravitational

acceleration (¼ 9.81 m/s2), h is the vertical soil depth per-

pendicular to the slope (m), and θ is the slope angle (deg).

The unit weight of soil material and the resisting and driving

forces are increased with the soil moisture. Soil moisture

brings about the pore pressure, which sags the effective

normal stress and shear strength. A large temporal variation

is existed in the pore pressure with the slope differs among

sites. These values and the parameters in this model are very

difficult to estimate at a large scale catchment. Therefore, the

condition of pore pressure in the slope has been simplified by

assuming that the pore pressure in the slope is always in the

static state condition (Apip et al. 2010). To assume no excess

pore water pressure, the pore pressure is quantified by the

following equation:

u ¼ ρw g hw cos θ, ð4Þ

where ρw is the density of water (¼ 1,000 kg/m3) and hw is

the height of the water depth perpendicular to the slope (m).

This assumption gives greater pore water pressure in the

rising process of the subsurface water and smaller pore

water pressure in the descending process of the subsurface

water.

The shear stress as driving force, defined by the down-

slope parallel component of gravity, can be expressed as

follows:

τ ¼ ρs g h sin θ ð5Þ

By substituting the formula for shear strength and shear

stress, the factor of safety without considering root cohesion

and vegetative surcharge equals

FS ¼ c∗ þ cos θ 1� ru½ � tanφ
sin θ

;

c∗ ¼ c

ρs g h

ru ¼ hw ρw
h ρs

8>>><
>>>:

: ð6Þ

The dimensionless form of Equation (6) was used to

analyse the stability of shallow soil using digital terrain

models (Montgomery and Dietrich 1994; Wu and Siddle

1995; Casadei et al. 2003).

Based on the Equation (6), most of the variables could be

considered as spatially distributed, but hw is the time-varying

parameter. The water depth (hw) is determined by the flux of

subsurface water flow which is calculated from the hydrologi-

cal model (see Equation 1). The ratio (mc = hw/h) presents that

the relative saturated depth is time-dependent (range between

0.0 and 1.0). The driving forces prevail, and the potential for

failure is high whenever FS < 1.0. With an inversion of the

standard factor of safety (Equation 6), the fixed time-invariant

critical relative soil saturation (mc) triggering slope instability

(i.e., relative soil saturation that yields FS = 1.0) of each grid

element could be estimated as the following Equation (7):

mc ¼ hw
h

� �c

¼ ρs
ρw

1� tan θ

tanφ

� �
þ c

h ρw g cos θ tanφ
: ð7Þ
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The detail description of the hydrological–geotechnical

model used in this study can be found in the paper of Apip

et al. (2010).

Results and Discussion

Model Performance

Evaluation of the hydrological model performance through

calibration of a hydrological response was carried out at the

Senoshita and Arase Stations of the Chikugo River (Fig. 7).

The calibration result at Arase Station (Fig. 8a) presents the

simulated discharge as matching the observed discharge

very well with the Nash-Sutcliffe (NS) coefficient of 0.93.

The simulated peak discharge is similar with the observed

peak discharge. The trend of simulated discharge is also

bracketed well with the observed discharge. The simulated

discharge at Senoshita Station is very similar to the observed

discharge with the Nash-Sutcliffe (NS) coefficient of 0.86.

However, the simulated peak discharge is a little over

estimated when compared with the observed discharge.

The simulated discharge from the 22nd hour to the 36th

h and from the 57th h to 82nd h is under-estimated.

Slope Stability Model

Simulated hydrologic response to heavy rainfall generally

leads to saturation of the entire catchment. As a result, the

slope stability model may represent all potential shallow slope

failures at each grid element. However, real landslides gener-

ally occur in instances where the suggested threshold for

shallow landslides is exceeded. In order to avoid overestima-

tion of landslide occurrence, critical relative soil saturation

values were used to subdivide the catchment area into three

slope stability classes according to Equation (7). Shallow

landslide potential was only defined for stable/unstable grids

where the critical relative soil saturated depth values ranged

from 0 to 1. Geotechnical parameter calibration was

conducted by mapping slope stability model with predicted

critical relative saturated depths and comparing these to

locations of observed landslides and quantifying the propor-

tion of catchment area placed in the various critical relative

saturated depths ranges (the zone of potential instability) with

the corresponding fraction of the observed landslide grids.

Arase StationSenoshita Station

Fig. 7 Observed discharge stations in Chikuko River

Fig. 8 Calibration result of hourly discharge at (a) Arase Station and

(b) Senoshita Station (Luo et al. 2014)

448 P. Luo et al.



Figure 9 shows the critical relative saturation level map.

The red colour area with value equal or less than 0 is present

as the highest potential area where the shallow landslides are

likely to occur. The area with the critical relative saturation

level of 0.8 is the most stable area where the shallow

landslides are not susceptible. The highest potential area of

the shallow landslides occurrences is quite fixed with the

observed location map of landslides occurrences (Fig. 10).

However, this observed location map includes all the types

of landslides.

Discussion

The results of this study presented the critical relative satu-

ration level map which provided the landslide-prone area

and location, with scientific information for the shallow

landslide management. The critical relative saturation level

map can be used to identify where the most dangerous area

for shallow landslides is located and will inform the local

residents to be aware of the potential for shallow landslides

during the extreme rainfall events. The next step for this

study is to provide the shallow landslide occurrences proba-

bility map.

The limitation of this study is the lack of a detailed

deposition map for shallow landslides. In this study, we

only obtained the deposition map of all types of landslides

and it is difficult to identify shallow landslides; most

landslides that have occurred in Japan are shallow

landslides. The resolution in the numerical simulation of

shallow landslides in Kyushu Island is 500 m mesh which

will be improved in the future study. The land use type also

take an important role, and affect the occurrence of shallow

landslides. In future research, we would like to use the 100 m

mesh land-use data as the input data.

Conclusion

In this study, we can conclude the following:

1. The framework for numerical assessment of shallow

landslide using the distributed hydrological–geotechnical

model in a large scale has been developed.

2. The calibration of a hydrological response for the model

performance evaluation at the Senoshita and Arase

Stations of Chikugo River concludes that the simulated

discharge matched very well with the observed discharge.

3. The Critical relative saturation level map simulated from

the slope stability model is shown to have a good rela-

tionship with the observed landslides location map.
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Stability Analysis of a High Slope Along a Loess
Plateau Based on Field Investigation and Numerical
Analysis

Zongyuan Ma, Hongjian Liao, Chunming Ning, and Zhigang Feng

Abstract

In this paper, a landslide along a high loess plateau is studied by the method of field

investigation, laboratory test and numerical analysis. First, the environmental factors that

induce the landslide of the high loess slope are investigated. Second, an elastoplastic

constitutive model based on the unified strength theory (UST) was established and

implemented in a three-dimensional finite difference code FLAC3D. Based on the infor-

mation from field investigation and the results of laboratory test, three-dimensional stability

analysis of the high loess slope is analyzed using the FLAC3D code and UST model. The

influence of the ground water level variation and the seepage flow on the slope stability is

analyzed. The calculation results of the ground water level variation suggest that the slope

reaches an equilibrium state after a certain amount of deformation is yielded. However, the

displacement increased significantly and the failure of the high loess slope occurred

suddenly when the seepage flow is taken into account. The analysis results of this paper

indicated that it is necessary to reduce the reclamation and irrigation along the boundary of

the loess plateau, and the stability of the high loess slope along the loess plateau could be

ensured.

Keywords

High loess slope � Slope stability analysis � Seepage flow � Testing study � Numerical

analysis

Introduction

High loess slopes are widely distributed in northwestern

China, and usually formed along the boundary of the loess

plateaus. These high slopes have several common features,

e.g., large height difference, steep slope and complex geo-

logic origin. The urban area of the town is encroaching on

the loess plateau during the urbanization acceleration pro-

cess. The arid climate of the loess area often causes a

significant rise of the ground water level due to the large

scale irrigation and seasonal raining. In recent years, the

stability of the loess plateau boundary is influenced signifi-

cantly by the climatic and anthropogenic factors, moreover,

the disasters of the landslides in the loess plateau caused by

the variations of ground water level have become more and

more serious (Lei 1995). Figures 1 and 2 show the mean
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annual rainfall comparison of July to other months and

monthly rainfall in 2003, respectively. The slope failure

caused by ground water and seepage flow is investigated

by many researchers. The soil slope failure caused by seep-

age flow has been simulated via two-dimensional finite

element method (Sanavia 2009). The soil slope failure

caused by raining and infiltration has been analyzed by

Rahimi et al. (2010) and Chen et al. (2009). A large-scale

slope model subjected to rising and lowering water levels

has been studied by Jia et al. (2009).

The high loess slope is situated along the northern bound-

ary of a loess plateau close to the Jingyang town, ShaanXi

province, China (Liao et al. 2008, 2011). Figure 3 shows the

large landslide on a high loess slope at Jingyang town. The

distance from the high loess slope to the urban district of

Xi’an city is about 25 km. The Jinghe river flows beside the

northern boundary of the loess plateau (Fig. 3). Many high

loess slopes along the boundary of northern loess plateau

became unstable due to the erosion of the Jinghe river. The

boundary of the northern loess plateau is about 30 km long,

with an elevation of 30–90 m above the Jinghe river; the

slope angle is about 45–80�. Several landslide events have

taken place along the boundary of the northern loess plateau

in recent years, and four villages near to the boundary have

been affected by those landslide events. The landslide case

study is located in the southern bank of the Jinghe river and

occurred in July, 2003. According to the statistics, the rain-

fall at Xi’an city fluctuates seasonally, and the most rainfall

occurs during the months of July to September. The mean

monthly rainfall in July is about 13 % of mean annual

rainfall. For example, the rainfall from July to October

2003 is more than 70 % of the annual rainfall. Irrigation in

summer also leads to a rapid rise of ground water level on the

top of the loess plateau. Thus, it is necessary to analyze the

stability of high loess slope effects due to seepage flow

caused by rainfall and irrigation. The field photos of the

study landslide are shown in Fig. 4 (Liao et al. 2008). The

cross section sketch of the landslide is shown in Fig. 5.

According to the results of the field investigation, more

than 100,000 m3 of loess slid from the high slope. The length

and width of the landslide mass is about 400 and 410 m,

respectively, and the slope angle is about 45–55�. Ground
water in the Jingyang loess plateau is stored within the
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phreatic aquifer. In 1976, the ground water level kept equal

to the water surface of the Jinghe river (elevation is 380 m).

However, a distinct rise in ground water level was induced

by the large scale irrigation and rainfall. In 1992, the depth

of ground water under the loess plateau was about 37 m

(elevation is 425 m). Since 1976, landslides in this area have

occurred over 40 times, and the economic development of

the local area has been affected (Lei 1995). Statistics for

previous landslides along the Jingyang loess plateau are

shown in Table 1.

Testing Results

Soil samples were taken from four exploratory holes in the

field around the study landslide as shown in Fig. 6a. In order

to understand the mechanical and physical characteristics of

the soil samples which are excavated, a series of laboratory

tests, including particle-size analysis test and consolidated

undrained (CU) triaxial test were conducted. The physical

properties of the landslide soil are shown in Table 2. The

particle size distribution results for the loess are shown in

Fig. 6 (Liao et al. 2008). The result of particle-size analysis

test shows that the percent of particles with diameters greater

than 0.075 mm is 27.8 %, which is less than 50 %. The

percent of particles with diameters less than 0.005 mm is

greater than 10 %. The plasticity index Ip ranges from 3 to

70m
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Table 1 Statistics of previous landslides along the Jingyang loess plateau

Location Height

Slope

angle

Size of landslide: Length (L), Width

(W), Thickness (T), Volume (V) Loss

To the west of Jinyu village,

Gaozhuang town

24 m 40� L 38 m, W 330 m, T 4.0 m, V

5 � 104 m3
Families: 28, population: 110, Houses: 112

To the east of Jinyu village,

Gaozhuang town

21 m 65� L 23 m, W 330 m, T 2.5 m, V

1.9 � 104 m3
Families: 6, population: 23, houses: 20,

threatens a highway

Group 9 of Fuxia village,

Gaozhuang town

25 m 30� L 50 m, W 85 m, T 3.0 m, V

1.3 � 104 m3
Farmland: 0.67 � 104 m2

Jiangliu village, Jiangliu town 53 m 70� L 56 m, W320 m, T 12 m,

V18.8 � 104 m3
Farmland: 3.33 � 104 m2, garden:

4.67 � 104 m2, threatens a private road of a

company

To the north of the Dabuzi

primary school in Jiangliu

town

49 m 65� L 52 m, W 720 m, T 30 m, V

35 � 104 m3
Families 3, population: 15, houses: 12, school

teachers and students: 196

Group 6 of Dongfeng village,

Jiangliu town

77 m 68� L 82 m, W 200 m, T 10 m, V

12.6 � 104 m3
Farmland: 3.3 � 104 m2

Fujia village, Jiangliu town 81 m 73� L 260 m, W 360 m, T 43 m, V

110 � 104 m3
Damage to pond for sewage, Xihang sewage

treatment plant

Miao village, Taiping town 63 m 68� L 1,000 m, W 1,000 m, T 15 m, V

94.5 � 104 m3
Farmland: 4.0 � 104 m2

Zhaitou village, Taiping town 54 m 70� L 2,000 m, W 2,000 m, T 17.5m, V

189 � 104 m3
Farmland: 35 � 104 m2
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10. Therefore the soil can be classified as loess-like clayey

silt. Figure 7 shows the effective stress path of the disturbed

loess excavated from the study landslide, and little volume

dilation was observed in CU triaxial test. The stress-stain

relationships from CU triaxial test for undisturbed and dis-

turbed loess under natural water content (unsaturated) and

saturated condition are shown in Fig. 8 (Liao et al. 2008).

The stress-stain relationship of undisturbed loess shows a

slight strain softening characteristic, and the strain hardening

characteristic of the disturbed loess have appeared both in

saturated or unsaturated (natural water content) situation.

The cohesion and the friction angle of the loess samples

obtained from CU triaxial test under the different confining

pressures are shown in Table 3. The numerical values of

cohesion and friction angle varied with the state of the loess

samples changed. The friction angle of the disturbed loess

sample (natural water content or saturated) is higher than the

undisturbed loess sample (natural water content). However,

the cohesion of the disturbed loess sample (natural water

content or saturated) is lower than the undisturbed loess sam-

ple (natural water content). The reason for this phenomenon is

that the undisturbed loess has a marked soil structure charac-

teristic, and the cohesive strength between the soil granules

(cohesion) will be enhanced by the natural structure of loess

under the undisturbed state. However, the natural structure of

loess could be destroyed by seepage flow or dip in water, and

this characteristic is called loess collapsibility (Zhang and

Sassa 1996). For disturbed state, the friction between the soil

granules (friction angle) will be increased with the natural

structure of loess destroyed, and the cohesive strength between

the soil granules (cohesion) will be decreased. In this paper,

the natural structure and collapsibility of loess is not taken into

account in the slope stability analysis.

Numerical Simulation

In this paper, numerical computations using finite difference

method are reported in order to analyze the high loess slope

stability problem using the unified strength theory. The unified

strength theory (UST) for geomaterials was proposed by Yu

(2004). The principal stress form of UST can be written as:

f¼ bσ2þσ3
1þbð ÞNφ

�σ1þ 2cffiffiffiffiffiffi
Nφ

p ,when σ2�1þsinφ

2
σ1þ1�sinφ

2
σ3

f
0¼ σ3

Nφ
�σ1þbσ2

1þb
þ 2cffiffiffiffiffiffi

Nφ

p ,when σ2�1þsinφ

2
σ1þ1�sinφ

2
σ3

8>>><
>>>:

ð1Þ

where c and φ are the cohesion and friction angle for

geomaterials, and Nφ ¼ (1 + sinφ)/(1 � sinφ). The order

of the three principal stresses follows σ1 � σ2 � σ3. For
the non-associated flow rule (Zienkiewicz et al. 1975), the

plastic potential function g can be written as follows:

g¼ bσ2þσ3
1þbð ÞNψ

�σ1,when σ2�1þsinφ

2
σ1þ1�sinφ

2
σ3

g
0¼ σ3

Nψ
�σ1þbσ2

1þb
,when σ2�1þsinφ

2
σ1þ1�sinφ

2
σ3

8>>><
>>>:

ð2Þ

where Nψ ¼ (1 + sinψ)/(1 � sinψ) and ψ is the dilation

angle for geomaterials. If ψ < φ, then the plastic flow rule

is non-associated, while for the associated flow rule, ψ ¼ φ.
Direct comparisons with the analytical method can be made

when the associated flow rule is used in numerical methods.

The limit loci of UST on the deviatoric plane and principal

stress space are shown in Fig. 9, where θb is the stress angle
for the junction of two yield surfaces and depends only on

the friction angle. UST takes the influence of intermediate

principal stress into account with a bilinear yield surface,

and the different effect of the intermediate principal stress

for different materials can be reflected by the coefficient b of
UST. FLAC3D is a three-dimensional finite difference code,

and an explicit Lagrangian computation scheme is used in

this code (Itasca Consulting Group 2005). The elastoplastic

model following UST is loaded into FLAC3D with a

dynamic link library file (DLL) written by C++ (Ma et al.

2013). The unbalanced force rate is used in FLAC3D to

control the convergence. The unbalanced force rate can be

defined as the maximum unbalanced force magnitude for all

Table 2 Physical properties of the landslide soil

Density ρ (kg/m3)

Specific

gravity ds

Natural water

content wn (%)

Void

ratio e

Plasticity

index Ip

Young’s modulus E

(MPa)

Poisson’s
ratio ν

1,540 2.72 17.8 1.08 8.6 5.0 0.33
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Fig. 7 Effective stress path of loess for landslide
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nodes divided by the average applied force magnitude for all

the nodes. By default, the ratio limit for convergence is

1.0 � 10�5.

The relationship between the limit equilibrium and finite

element method in slope stability analysis is discussed by

Zienkiewicz et al. (1975), Duncan (1996) and Griffiths and

Lane (1999) using the Strength Reduction Method (SRM) to

analysis the slope stability problem with associated and non-

associated flow rule. The Factor of Safety (FOS) of slope is

calculated via SRM, and the original shear strength

parameters are divided by Strength Reduction Factor (SRF)

in order to bring the slope to the point of failure. The strength

parameters of soil mass are decreased gradually by SRF until

the slope becomes unstable, and the values of elastic

parameters (Young’s modulus E and Poisson’s ratio υ)
have no effect on the value of FOS (Griffiths and Lane

1999; Cheng et al. 2007; Swan and Seo 1999). In this

paper, the same factor SRF is applied to both of two strength

parameters c and φ. The non-convergence option is taken as

being an indicator of failure for FOS determination. The

parameters cf and φf are given by

cf ¼ c

SRF
, φf ¼ arctan

tanφ

SRF

� �
ð3Þ

The three-dimensional model for the high loess slope prior

to the landslide event is created based on the terrain informa-

tion from field investigation. The dimension and meshing of

the model for numerical simulation are shown in Fig. 10. The

dashed line represents ground water level and h is the depth of

ground water. The cohesion and the friction angle of the

undisturbed loess obtained from CU triaxial test are used,

and the dilation angle ψ is set to zero throughout the whole

calculation process. In order to compare the slope stability
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Table 3 Cohesion and friction angle for loess sample from CU triaxial test

Loess samples Water content w (%) Cohesion c (kPa) Friction angle φ (º)

Undisturbed loess sample Natural water content 13.2 17.2

Disturbed loess sample Natural water content 12.9 21.6

Disturbed loess sample Saturated 9.6 19.1

q b

s1

s2s3

Unified Strength Theory (b=1.0)

Unified Strength Theory (b=0.0)
or Mohr-Coulomb

b=0.75
b=0.5
b=0.25

Fig. 9 Limit loci of the unified strength theory

Fig. 10 Meshing model and ground water level variation for slope

stability analysis
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under the different ground water levels, the calculations are

performed under the ground water level in 1976 (h ¼ 80 m)

and 1992 (h ¼ 37 m), respectively. The relationship between

FOS and the magnitude of b underground water level in 1976

and 1992 is shown in Fig. 11. The slope changes towards

instability with the decrease of parameter b, and the slope

failure occurs when the magnitude of b decreased below a

certain value. Because the high loess slope was stable before

1976, the stability analysis taking the influences of the

intermediate principal stress into account can reflect the actual

situation more accurately. Figure 12 shows the pore-water

pressure, displacement vector and horizontal displacement

contours of slope under h ¼ 37 m and UST (b ¼ 0.25). The

results of Fig. 12 suggest that the high loess slope can’t remain

stable if the ground water level h ¼ 37 m and b ¼ 0.25. In

order to analyze the stability of the high loess slope during the

process of rise in ground water level caused by fall and

irrigation, analysis is performed with different depth (h

¼ 35–50 m) of ground water level under the loess plateau.

Because the rise velocity of the ground water level is very

low, the seepage of ground water is not taken into account and

the soil under the ground water level is saturated. Figure 13a

shows the relationship between displacement of node O in the

x-direction and calculation steps under different depth of

ground water level when the parameter b ¼ 0.5. According

to the statistics, landslides which are induced by the distinct

change of ground water level in loess area occurred frequently

from the short-time rainfall during the rainy season. The

rainfall in Xi’an fluctuates seasonally, and the most rainfall

is yielded during the months from July to September; the time

of rainfall is very short. The mean monthly rainfall of July to

September is about 12.5–16.4 % of mean annual rainfall. For

example, the total rainfall for 2003 is 898.7 mm, and the total

rainfall for July in 2003 is close to 140 mm, which is about

15 % of total rainfall in 2003 (Song et al. 2002). The high

loess slope in the southern bank of the Jinghe river slid in July

of 2003. Thus, it is necessary to analyze the influence of a

distinct rise of the ground water level and seepage flow on the

stability of high loess slope. The parameters of the soil are the

same as the calculation of no seepage flow, and the soil

permeability is 0.1 m/d (Liao et al. 2008, 2011). The

calculations of seepage flow and stress field are parallel and

the stress field of slope is influenced by pore-water pressure

changes. The calculation of seepage flow is performed in four

steps: the ground water level h ¼ 30 m, 35 m, 40 m, 45 m

under the loess plateau. Figure 13b shows the relationship

between x-displacement of node O and flow times when the

parameter of UST b ¼ 0.5. The results suggest that the x-

displacement of node O is significantly increased with the

increase of h, and the x-displacement is increased rapidly

when h ¼ 45 m. Compared with the numerical results of the

no seepage case (as shown in Fig. 13), the results of the

seepage flow case show that the displacement of node O in

the x-direction increases significantly when the unbalanced

force rate is close to the target of convergence and the slope

failure occurs suddenly when h reaches a certain value. How-

ever, the results of no seepage calculation show that the slope

Fig. 12 Results plots under SRF ¼ FOS ¼ 0.88, h ¼ 37 and

b ¼ 0.25, (a) pore-water pressure and displacement vector, (b) hori-

zontal displacement contour

0.8

0.9

1

1.1

1.2

1.3

0 0.25 0.5 0.75 1
b

Fa
ct

or
 o

f S
af

et
y

h = 80m
h = 37m

Fig. 11 Relationship between FOS and values of parameter b

456 Z. Ma et al.



reaches a static state when the unbalanced force rate is

decreased. On the other hand, the x-displacement at node O

from the seepage calculation is less than the case of no

seepage calculation. This phenomenon suggests that the

deformation of loess slope is too limited to absorb the over-

load of seepage flow completely, thus, the sudden failure of

loess slope may occur more easily during the process of

seepage flow.

Conclusion

The landslide groups along the Jingyang loess plateau

were induced by both internal and external factors. The

internal factors include new tectonic movement, topogra-

phy and geography, and underground hydrology

conditions. The external factors include irrigation, exca-

vation, and rainfall. The soil of the study slope can be

classified as loess-like clayey silt, the friction between the

soil granules of disturbed loess will increase with the

natural structure of loess destroyed. Meanwhile, the cohe-

sion between the soil granules will be decreased under the

disturbed state. The result of slope stability analysis

which takes the influence of intermediate principal stress

into account is more close to the actual conditions. Result

of no seepage calculation suggests that the slope reaches

an equilibrium state after a certain among of deformation

occured. The displacement of the slope from the seepage

calculation is less than the case of no seepage calculation,

but the displacement increased significantly and the sud-

den failure occurred more easily during the process of

seepage flow. The large-scale irrigation and seasonal

rainfall often causes the ground water level to rise signifi-

cantly. According to the analysis results of this paper, it is

necessary to reduce the reclamation and irrigation of the

farmland along the boundary of the loess plateau, so that

the stability of the high loess slope can be ensured.
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The Simulation of a Deep Large-Scale Landslide Near
Aratozawa Dam Using a 3.0 MPa Undrained Dynamic
Loading Ring Shear Apparatus

Hendy Setiawan, Kyoji Sassa, Kaoru Takara, Toyohiko Miyagi, Hiroshi
Fukuoka, and Bin He

Abstract

The translational block glide of deep and large-scale landslide near the Aratozawa dam that

occurred in the middle of 2008 is of great importance for detailed study. Aratozawa

landslide had resulted from landform deformation and the subsequent change of watershed

geomorphology at the upstream part of the Aratozawa reservoir. The evidence of this

phenomena was revealed during a site investigation in November 2012, as several natural

reservoirs (lakes) formed in the cavities between ridges and the depression zone in main

block slide. Aratozawa landslide located in the Ohu Mountains basically was triggered by

the earthquake which had a peak ground acceleration of more than 1,000 gal. In addition,

the possibility of reactivated landslides in surrounding terrains near Aratozawa dam has

resulted in the hypothesis that the 2008 event was one sequence of the dynamic-

geomorphological activity in this mountainous area within a period of hundred years. In

this paper, the mechanism of the deep and large-scale landslide near Aratozawa dam is

analysed through a physical laboratory experiment. Deep landslide simulation is conducted

by applying high normal stress to address the assumed slip surface of 150 m depth in the

Aratozawa case. The 3.0 MPa undrained dynamic loading ring shear apparatus with the

high pore-water pressure controlled is used to meet the criteria of deep-seated landslide of

Aratozawa. The effect of groundwater fluctuation and the inter-linkage with the reservoir in

the Aratozawa dam was found to be the main concern besides the peak ground acceleration
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based on the 2008 landslide event. Results also show that there was no significant

deformation in the Aratozawa dam area when the large Tohoku earthquake, magnitude

9.0, in 2011. Indication is, that the slide blocks, ridges and mass depression due to the 2008

event are already stable. However, the slope and soil mass movement are still possible in

the future.

Keywords

Deep large-scale landslide � High normal stress � Groundwater effect � Ring shear

tests � Simulation

Introduction

The Aratozawa dam is located southeast of Mount Kurikoma

in the Miyagi-Iwate Prefecture of Japan. The height of

Aratozawa dam is 74.4 m with the geographical position at

38�5304.9800 of north latitude and 140�51042.9300 of east lon-
gitude. The Kitakami rivers and Nihasamagawa are the main

discharge river basins for the Aratozawa reservoir. The catch-

ment area of the Aratozawa reservoir is approximately

20.4 km2 with the total water storage capacity design of

about 14,130 thousand m3. The main purposes of the

Aratozawa dam and reservoir are flood control and irrigation.

The location of the Aratozawa Dam is in line with the Ohu

Mountains that extend from Tohoku district. The Iwate-Miyagi

Nairiku inland earthquake of magnitude 7.2 occurred on June

14 2008. The peak ground acceleration from the inland earth-

quake at the Ohu Mountains caused thousands of landslides

and slope failures including the large-scale deep landslide at

the upper stream area of the Aratozawa reservoir (Fig. 1).

As reported by Miyagi et.al. (2008, 2011), the landslide

near Aratozawa dam was stated to be the largest catastrophic

landslide in the last 100 years in Japan. Moreover, this large-

scale landslide event has some unique characteristics that are

important to study further. Previous research, investigations

and analysis indicated that the slicken-sided slip surface of

the Aratozawa landslide has a gradient of about 2–4� at a

depth of 70–150 m, and resulted in the movement of massive

blocks of 1,300 m in length and 900 m wide with a sediment

volume of more than 67 million cubic meters (Miyagi et al.

2011; Gratchev and Towhata 2010). The complexity of the

Aratozawa landslide that consists of massive blocks, ridges

and depression zones generally are identified as the transla-

tional block glide of a deep slide.

Site Investigations

The Aratozawa landslide resulted in landform deformation

and the resultant change of watershed geomorphology at the

upstream part of the Aratozawa reservoir. The evidence of

this phenomena was revealed during a site investigation in

autumn of November 2012 and the summer of June 2013,

whereby several natural reservoirs (lakes) formed in the

cavities between ridges and a depression zone in main

block slide were observed (Fig. 2).

Aratozawa landslide was triggered by an earthquake with

the peak ground acceleration more than 1,000 gal. In addi-

tion, the possibility of reactivated landslides in surrounding

terrains near Aratozawa dam has brought about the hypothe-

sis that the 2008 event was one sequence of the dynamic-

geomorphological movement in this mountainous area

within a period of a hundred years.

The mechanism of the deep and large-scale landslide near

Aratozawa dam is analysed through physical laboratory

experiment using the undrained dynamic loading ring shear

apparatus ICL2.

Materials and Methods

Undrained Dynamic Loading Ring Shear
Apparatus ICL2

The development of ring shear apparatus has been conducted

since 1984 in order to address the needs of undrained shear

tests with pore pressures monitoring and sliding surface

observation at large shear displacement (Sassa et al. 2004).

The ring shear apparatus developed by Sassa and colleagues

has been used to study and analyse the initiation of soil

failure, residual shear resistance as well as post-failure

motion and deformation characteristic in large displacement

(Sassa et al. 2007, 2010).

The latest version of this apparatus is called the undrained

dynamic loading ring shear apparatus ICL-2 and was devel-

oped by the International Consortium on Landslides as a part

of SATREPS-Vietnam project in 2012 (Fig. 3).

The ICL2 has high performances (Table 1) which can

give and maintain the stress-pressure up to 3 MPa in the

scope of drained-undrained consolidation, shear stress and

speed controlled, pore pressure fluctuation controlled, stress

dynamic and earthquake wave tests. With such features and
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performances, ICL2 could represent the simulation and

reproduction of deep landslide tests that need high stress

and pressures.

Samples Near Aratozawa Dam

Samples from Aratozawa landslide were taken during site

investigations. The detailed locations that were observed

during investigations are the open crack above the main

scarp, top of main scarp, lower ridge, exposed wall on the

upper depression, upper ridge, mound secondary collapse

zone, small depression at toe part, disturbance zone at toe

part, deformation near reservoir, huge landslide block with

deformed and translated road network and debris bordered

area at the secondary collapse zone (Fig. 4). Three samples

locations were chosen for the test: a small depression at toe

part, secondary collapse zone and mound at flank side of

collapse zone.

Test Procedures

All the Aratozawa samples were prepared carefully in fully

saturated conditions through immersion in de-aired water and

then left in a vacuum tank (Ostric et al. 2012). The gap

adjustment in the apparatus was conducted to avoid water

leakage during the high stress of tests while minimizing the

rubber-edge friction between inner and outer ring shear box

and rubber edges at the lower part of the apparatus. The gap

value is kept constant during the test to ensure the stress given

to the samples and the data acquisition can be monitored.

When the shear box was installed, the CO2 and de-aired

water circulation were carried out before pouring the saturated

samples to avoid the entrapped air inside the shear box. The

degree of saturation was checked by measuring BD value in

undrained condition (Sassa 1988) which is defined as the pore

pressure parameter in the direct shear state (Vankov and Sassa

1998) and formulated as BD ¼ Δu/Δσ.
The samples then consolidated in drained conditions

under normal stress and static shear stress. The values of

the stresses were decided based on the pre-assumed land-

slide geometry (depth, slope angle) and soil properties (unit

Fig. 2 Natural reservoirs in the cavity of the lower depression

Fig. 3 The overview of the undrained dynamic loading ring shear

apparatus ICL2

Table 1 Features of the undrained dynamic loading ring shear appa-

ratus ICL2

ICL 2 (Sassa et al. 2012)

Inner diameter (cm) 10

Outer diameter (cm) 14.2

Max. height of sample (cm) 5.2

Shear area (cm2) 79.79

Max. Normal stress (kPa) 3,000

Max. Shear speed (cm/s) 50

Max. Pore-water pressure (kPa) 3,000

Fig. 1 Landslide near the Aratozawa reservoir
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weight). The deep landslide reproduction using ICL2 is

conducted by giving a high normal stress in order to address

the assumed slip surface of 150 m depth (in the Aratozawa

case). Then the cyclic, speed control and earthquake tests are

conducted in the 2.0 and 3.o MPa range of normal stress. The

maximum 2.0 and 3.0 MPa tests using undrained dynamic

loading ring shear apparatus ICL2 with the high pore-water

pressure controlled is used to meet the criteria of deep-seated

landslide near Aratozawa reservoir.

Results

Rubber-Edge Friction Measurement

The test of rubber-edge friction against shear displacement

has been carried out carefully to avoid the excess friction

between rubber edges and the shear box without any water

leakage occurred. As seen in Fig. 5 below, the rubber-edge

friction of ICL2 was obtained with the condition of 1 MPa

normal stress and 10 m shear displacement.

Undrained Speed Control Tests

A speed control test in the undrained condition was

conducted under constant shear speed of 1 cm/s. The aims

of this test are to obtain the values of residual shear resis-

tance at steady state condition. In addition, the peak,

mobilized and apparent friction angle were also obtained

(Figs. 6 and 7).

Cyclic Shear Tests

A cyclic shear test in undrained condition was conducted in

order to observe the pore pressure generation and initiation

of failure motion due to the cyclic shear load. The cyclic

shear test for Aratozawa samples from the secondary col-

lapse zone was obtained as seen in Figs. 8 and 9.

Earthquake Wave Tests

The simulation tests for Aratozawa landslide using ICL2

also conducted the earthquake wave test. The earthquake

Specimens observation at the 
secondary collapse zone

View of Aratozawa reservoir

View from head crown

Aratozawa reservoir

Sampling location at 
the toe part

Fig. 4 Sampling and site

investigation at the Aratozawa

landslide

Fig. 5 Rubber-edge friction against shear displacement
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wave has taken from the Iwate-Miyagi Nairiku inland earth-

quake record wave which occurred on June 14 2008. The

interim result indicated that in 2 MPa normal stress and

1.5 MPa static shear stress, the earthquake wave load did

not trigger the failure in any significant way because only

small pore pressure was generated, as seen in Fig. 10. There

should be another trigger factor which would stimulate the

acceleration and excess pore-water pressure generation.

Discussion

The objective of this paper is to study the mechanism of deep

and large-scale landslide near Aratozawa dam through a

physical laboratory experiment. Three samples from small

depressions at the toe part, secondary collapse zone and

mound at flank side of collapse zone of Aratozawa landslide

area were taken from the sites and tested in the laboratory

Fig. 6 The undrained speed control test for mound at flank side of

collapse zone

Fig. 7 Time-series data for stress, pressures and shear displacement of

undrained speed control test for mound at flank side of collapse zone

Fig. 8 Effective stress path of cyclic shear test for the secondary

collapse zone of Aratozawa landslide (σ ¼ 2 MPa, τ ¼ 1.2 MPa)

Fig. 9 Time series data for stress, pressures and shear displacement of

cyclic shear test for secondary collapse zone of Aratozawa landslide
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using ICL2. The undrained speed control test was conducted

for all three samples to obtain the residual shear resistance at

a steady state condition with high normal stress of 3 MPa.

Based on data from the cyclic test, the pore pressure

generation reached 1.0 MPa before the initiation of failure

motion. The large increment of pore pressure has followed

the acceleration motion in a post-failure condition and

caused the enlargement of shear displacement (Fig. 9 in

Fig. 11).

The result shown in Fig. 11 has strengthened the previous

research result that the samples had a high potential for

generation of excess pore-water pressures, and liquefaction

might have occurred during the 2008 earthquake (Gratchev

and Towhata 2010).

From the earthquake wave test for mound samples at

flank side of collapse zone of Aratozawa landslide, the test

result (Fig. 10) has shown that the 2008 Iwate-Miyagi

Nairiku earthquake might not have fully triggered the pore

pressure generation and even the shear displacement was

increased but it was very small and not significant. This

interim result raises questions that there might be other

factors that combined with the earthquake which caused

the large-scale and deep landslide near the Aratozawa

reservoir.

Conclusions

Several ring shear tests using ICL2 for Aratozawa

samples has been carried out, consisting of undrained

speed control tests, cyclic shear tests and earthquake

wave tests. As shown in the result and discussion parts

of this paper, the effect of groundwater fluctuation and the

inter-linkage with the Aratozawa reservoir might be the

main causes of the landslide in addition to the peak

ground acceleration of the 2008 earthquake.

This paper described the interim results of the

Aratozawa landslide research through ring shear

apparatus. Further, other factors such as rainfall analysis

and groundwater fluctuation analysis should be

investigated.

From the site observation and monitoring from the

Japan Forestry Agency, there is no significant deforma-

tion in the Aratozawa dam area when the big 9.0-

magnitude Tohoku earthquake occurred in 2011. The

indication is, that the slide blocks, ridges and mass

depression due to the 2008 event are already stable.

However, several cracks at the upper part of the

headscarp were found. In order to prevent further col-

lapse, the headscarp of the Aratozawa landslide was re-

constructed by the authorities since the slope and soil

mass movement near Aratozawa dam and reservoir can

still possibly occur in the future.
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Fig. 10 Earthquake wave test for mound at flank side of collapse zone
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Fig. 11 Enlargement of Fig. 9 that shows the pore pressure generation

and the initiation of failure motion

464 H. Setiawan et al.



References

Gratchev I, Towhata I (2010) Geotechnical characteristics of volcanic

soil from seismically induced Aratozawa landslide, Japan.

Landslides 7:503–510

Miyagi T, Kasai F, Yamashina S (2008) Huge landslide triggered by

earthquake at the Aratozawa Dam Area, Tohoku, Japan. In:

Proceedings of the first world landslide forum. ICL, ISDR, Tokyo,

pp 421–424

Miyagi T, Yamashina S, Esaka F, Abe S (2011) Massive landslide

triggered by 2008 Iwate-Miyagi inland earthquake in the Aratozawa

Dam area, Tohoku, Japan. Landslides 8:99–108

Ostric M, Ljutic K, Krkac M, Setiawan H, He B, Sassa K (2012)

Undrained ring shear tests performed on samples from Kostanjek

and Grohovo landslide. In: Proceedings of the 10th anniversary of

ICL, Kyoto, January 2012

Sassa K (1988) Geotechnical model for the motion of landslides. In:

Proceedings of the 5th international symposium on landslides,

“Landslides”, vol 1. Balkema, Rotterdam, pp 37–56

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

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. Landslide 7:219–236

Sassa K, Fukuoka H, Wang GH, Wang FW (2007) Undrained stress-

controlled dynamic-loading ring-shear test to simulate initiation and

post-failure motion of landslide. In: Progress in landslide science,

Chap 6. Springer, Heidelberg, pp 79–98

Sassa K, Fukuoka H, Wang G, Ishikawa N (2004) Undrained dynamic-

loading ring-shear apparatus and its application to landslide dynam-

ics. Landslides 1(1):7–19

Vankov DA, Sassa K (1998) Dynamic testing of soils by the ring-shear

apparatus. In: The 8th international IAEG congress, Balkema,

Rotterdam

The Simulation of a Deep Large-Scale Landslide Near Aratozawa Dam Using a 3.0 MPa. . . 465



Study on Strength and Deformation Behavior
of Loess Slope Supported by Micropiles

Chenglin Tian, Hongjian Liao, Yonggang Peng, Dongrui Hao,
and Jianbing Peng

Abstract

Based on the practice of application of micropiles in slope support engineering and a large-

scale field experiment, some factors influencing the reinforcing effect of micropiles in step-

shaped slope were studied with FLAC software, using finite difference method. Firstly,

referring to the scale of the large-scale field experiment, a numerical model was established

and calculations were performed to study the effect of slope angle, slope height and load

position on the slip surface in order to determine the location of slip surface based on the

loads applied on the top of the slope. Then, micropiles were arranged on the step-shaped

slope based on the critical slip surface, and the ultimate bearing capacities of the slope with

or without micropiles and with different numbers of micropiles were calculated, and the

failure modes of step-shaped slope were analyzed. The reinforcing effect of micropiles with

the variation of soil cohesion and internal friction angle was also studied.

Keywords

Slope � Micropile � Strength parameter � Bearing capacity � FLAC

Introduction

Slope support engineering is utilized to strengthen a slope in

order to ensure the safety of the slope. Micropiles have many

advantages, such as no need for excavation, small distur-

bance to the slope, applicable to the narrow construction

work area, flexible layout, applicability in different soils

and low construction noise. In recent years, micropiles are

widely used for slope reinforcement. Bruce et al. (2004)

applied the Lagrangian finite difference method in FLAC

to analyze the stability of retaining walls reinforced by

micropiles and the spacing and depth of micropiles are

optimized. Zhou et al. (2009) proposed that the slide resis-

tance mechanism of micropiles is different from general

piles because the landslide thrust is resisted by micropiles

through tensile strength and pile-foundation bearing capac-

ity. Ho (1997) carried out model tests on stability of sandy

slope strengthened by different rows and different angle of

micropiles. The slope is strengthened mostly when the

micropiles are vertical to the slip surface. Feng (2005) pro-

posed the shear strength formula for micropiles reinforcing

bedding rock slope. Micropiles and rocks formed a rock-pile

composite structure. There are also many practical examples

of micropiles application in slope reinforcement (Wu et al.

2005; Zhu et al. 2006; Yan 2010).
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As a result of the complex geological conditions in loess

region, the position of slip surface is greatly influenced by

many factors, such as shape of the slope, soil parameters and

loading on the top of slope. Therefore, it’s of great impor-

tance to study the relationship between these factors.

The Field Test

Figure 1 shows a large scale model test carried out in loess

slope, and the sketch map of the field test is shown in Fig. 2.

Seven micropiles were arranged in the middle of the step and

the load was applied on the top of the slope. The slip surface

was preinstalled by using double layer plastic film. The

micropiles were made of precast reinforced concrete piles,

and the strength grade of concrete is C25. The pile length

and diameter in the model test are 4 m and 60 mm, respec-

tively, which simulates the pile whose length and diameter

are 12 m and 180 mm respectively in the field. There are two

kinds of pile reinforcements. When the flexural behavior was

mainly concerned, the pile was reinforced by main rein-

forcement of 4Ф8 and stirrup of Ф4@200. When the shear

behavior was mainly concerned, the pile was reinforced by

main reinforcement of 1Ф16. The pile space was 0.48 m.

Density of the soil, ρ, was 1,900 kg/m3, soil cohesion, c,

was 30 kPa, soil internal friction angle, φ, was 20�, soil shear
modulus, G, was 8.333 MPa and soil bulk modulus, K, was

3.409 MPa. The geometry of the slope model is shown in

Fig. 3. The slope boundary conditions are given as vertical

rollers on the left and right boundary, and fully fixity at the

base. The self-weight of soils is considered. The soils are

modeled as linearly elastic-perfectly plastic materials with

Mohr-Coulomb failure criterion.

Effect of Slope Height on Slip Surface

In order to discuss the effect of ratio of step height on the

location of slip surface, the geometry properties are listed

here. Height of the slope below the step, h2, was 2 m,

distance between load and the free surface, s, was 0, inclina-

tion of the slope above the step, α, was 58�. Height of the
slope above the step, h1, was 1 m, 2 m, 3 m and 4 m,

respectively, resulting in the ratios of step height (β ¼ h1/

h2)as 1/2, 1, 1.5 and 2, respectively.

The load on the top of the slope increases until slope

failure is reached. The maximum shear strain contours for

different slope heights are shown in Fig. 4. The slip surface

extends from the toe below the step to the top of slope with

h1 ¼ 1 m, i.e., β ¼ 0.5. So the slope will be reinforced

effectively if micropiles are installed in the step. The slip

surface extends from the toe above the step to the top of

slope with h1 ¼ 2 m, 3 m and 4 m, respectively, i.e., β ¼ 1,

BX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
X

BBBBBB

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

B

Y

BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBX
XX
XX
XX
XX
XX
X

s

2000α

1:0.556
2000

h1

Fig. 3 Geometry of the slope model

Fig. 1 Field test of micropiles, Yan (2010)

Fig. 2 Sketch map of field test
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1.5 and 2, respectively. Then micropiles should be installed

in the slope above the step in order to strengthen the slope

effectively. In this study, when ratio of step height is larger

than 1, the slip surface extends from the toe above the step to

the top of slope with little effect on slope below the step.

Effect of Slope Inclination on Slip Surface

The slope geometry is same as that in the large scale model

test. Height of the slope above the step, h1, was 4 m, height

of the slope below the step, h2, was 2 m, i.e., β ¼ 2, distance

between load and the free surface, s, was 0, inclination of the

slope above the step, α, were 49�, 53�, 58�, 69�, 83� and 90�,
respectively. The maximum shear strain contours for differ-

ent slope inclinations are shown in Fig. 5. The results indi-

cate that the slip surface extends from the toe above the step

to the top of slope for all the slope inclinations, and the arc-

shaped slip surface tend to be linear. Then micropiles should

be installed in the slope above the step to reinforce the slope

effectively.
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Fig. 4 Maximum shear strain contours for different slope heights. (a)

h1 ¼ 1 m, (b) h1 ¼ 2 m, (c) h1 ¼ 3 m, (d) h1 ¼ 4 m
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Fig. 5 Maximum shear strain contours for different slope angles. (a)

α ¼ 49�, (b) α ¼ 53�, (c) α ¼ 58�, (d) α ¼ 69�, (e) α ¼ 83�, (f)

α ¼ 90�
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Fig. 6 Maximum shear strain contours for different load positions. (a)

s ¼ 0.5 m, (b) s ¼ 1 m, (c) s ¼ 1.5 m, (d) s ¼ 2 m, (e) s ¼ 2.5 m, (f)

s ¼ 3 m, (g) s ¼ 3.5 m, (h) s ¼ 4 m
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Fig. 7 Layout of the micropiles. (a) single-row micropil, (b) double-

row micropiles
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Effect of the Location of Load on Slip Surface

The slope geometry is same as that in the large scale model

test. Height of the slope above the step, h1, was 4 m, height

of the slope below the step, h2, was 2 m, i.e., β ¼ 2, inclina-

tion of the slope above the step, α, was 58�, distances

between load and the free surface, s, were 0.5 m, 1 m,

1.5 m, 2 m, 2.5 m, 3 m, 3.5 m and 4 m, respectively. The

maximum shear strain contours for different load locations

are shown in Fig. 6. The slip surface extends from the toe

above the step to the top of slope when s is smaller than 4 m,

therefore micropiles should be installed in the slope above

the step. The slip surface extends from the toe below the step

to the top of slope with s ¼ 4 m, which is similar to the large

scale model test. Then micropiles should be installed in the

step. γ is a new parameter defined in this paper, and γ ¼ s/

h1. Values of γ were 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8 and 1

respectively. The slip surface extends from the toe above the

step to the top of slope when γ is smaller than 1, and the slip

surface extends from the toe below the step to the top of

slope with γ ¼ 1.

After calculation, it could be obtained that the slip surface

extended from the toe below the step to the top of slope with

s ¼ 4 m, h1 ¼ 4 m, α ¼ 58�, and these values were chosen

Fig. 8 Relationship of ξ and c

a d

b e

c f

Fig. 9 Maximum shear strain

contours and moment of the piles.

(a) c ¼ 10 kPa, no micropiles, (b)

c ¼ 10 kPa,

Mmax ¼ �7 � 103 N m, (c)

c ¼ 10 kPa,

Mmax ¼ �2 � 103 N m, (d)

c ¼ 30 kPa, no micropiles, (e)

c ¼ 30 kPa,

Mmax ¼ �7 � 103 N m, (f)

c ¼ 30 kPa, Mmax ¼
6 � 103 N m
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for the subsequent study. The layout of the micropiles is

shown in Fig. 7. Pile radius, Young’s modulus, pile stiffness,

pile internal friction angle and pile plastic moment are

0.06 m, 36,100 MPa, 1 � 1010 N/m/m, 50� and 7,000 N m,

respectively.

Effect of Soil Cohesion on Micropiles
Reinforcement

The material properties are—internal friction angle

φ ¼ 20�, cohesion c ¼ 10 kPa, 20 kPa, 30 kPa, 40 kPa, 50

kPa and 60 kPa, respectively. Numerical analysis was car-

ried out for three scenarios, i.e., slope without micropiles,

slope with single-row of micropiles and slope with double-

rows of micropiles. When slope failure is reached, the

corresponding load is defined as Pu. Pu0 is defined for slope

without micropiles; Pu1 is defined for slope with micropiles.

Ratio of load ξ ¼ Pu1/Pu0. The relationship of ξ and cohesion
for single-row and double-row micropiles is shown in Fig. 8.

The results indicate that Pu of slope reinforced by

micropiles is greater than that of slope without micropiles.Fig. 10 Relationship of ξ andφ

a d

b e

c f

Fig. 11 Graph of maximum

shear strain contours and moment

of the piles. (a) φ ¼ 10�, no
micropiles, (b) φ ¼ 10�,
Mmax ¼ �7 � 103 N m, (c)

φ ¼ 10, Mmax ¼ �3 � 103 N m,

(d) φ ¼ 20�, no micropiles,

(e) φ ¼ 20�,
Mmax ¼ �7 � 103 N m, (f)

φ ¼ 20, Mmax ¼6 � 103 N m
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Pu increases with increasing soil cohesion, which is more

obvious for slope reinforced by micropiles. ξdouble is greater
than ξsingle, which indicates that the slope can be reinforced

more obviously with more micropiles. ξ will be smaller with

increasing soil cohesion.

The maximum shear strain contours and moment of

micropiles for c ¼ 10 kPa and c ¼ 30 kPa are shown in

Fig. 9. It can be seen that the shear band will not form

completely when slope is reinforced by micropiles, and

the failure mode on the top of the slope is similar to

ground failure mode, which is more obvious for slope

with double-rows of micropiles. The maximum moment

of micropiles is smaller than yield moment of micropiles

(7 � 103 N m).

Effect of Soil Internal Friction Angle on
Micropiles Reinforcement

The material properties are—cohesion c ¼ 30kPa, internal

friction angle φ ¼ 10�, 15�, 20�, 25�and 30� respectively.

Numerical analysis was carried out for three scenarios, i.e.,

slope without micropiles, slope with single-row of

micropiles and slope with double-rows of micropiles. The

relationship of ξ and internal friction angle is shown in

Fig. 10.

The results indicate that ξdouble is larger than ξsingle, which
indicates that the slope can be reinforced more obviously

with more micropiles. ξ increases with increasing internal

friction angle. Pu increases with increasing internal friction

angle and Pu of slope reinforced by micropiles is greater than

that of slope without micropiles. ξdouble is greater than ξsingle
when internal friction angle is smaller than 20�, but ξdouble
almost equals to ξsingle for larger internal friction angles. The
effect of micropiles reinforcement is more obvious for larger

internal friction angle.

The maximum shear strain contours and moment

of micropiles for φ ¼ 10�and φ ¼ 20�are shown in

Fig.11. It can be seen that the shear band will not form

completely when slope is reinforced by micropiles, and

the failure mode on the top of the slope is similar to

ground failure mode, which is more obvious for slope

with double-rows of micropiles. The maximum moment

of micropiles is smaller than yield moment of micropiles

(7 � 103 N m).

Conclusions

Some conclusions can be made, which are as follows:

1. The slip surface extends from the toe below the step to the

top of slope for small ratio of step height, i.e., β ¼ 0.5. In

general, the slip surface extends from the toe above the

step to the top of slope.

2. The slip surface extends from the toe above the step to the

top of slope for all the slope inclinations, and the arc-

shaped slip surface tend to be linear.

3. The slip surface extends from the toe above the step to the

top of slope when γ is smaller than 1, and the slip surface

extends from the toe below the step to the top of slope

when γ ¼ 1.

4. The shear band will not form completely when slope is

reinforced by micropiles, and the failure mode on the top

of the slope is similar to ground failure mode. The ratio of

load ξwill be larger with increasing internal friction angle
and smaller with increasing soil cohesion.
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The Influence of Countermeasure on Debris Flow
Hazards with Numerical Simulation

Ying-Hsin Wu and Ko-Fei Liu

Abstract

We present the numerical simulation of the influence of countermeasures on debris flow

hazards, supported with a case study. The Taipei DF024 potential debris flow torrent in

Taiwan is used for demonstration. This torrent would be considered as straight in many

simulations. However, unlike the one-dimensional model reported in previous literatures,

the two-dimensional debris flow model, Debris2D, is applied for simulation. Two simula-

tion conditions, with and without countermeasure, are compared. Comparing the results of

two simulation conditions, we find Debris2D is able to reflect the variation of local

topography. In 2D simulation, some locations identified to be safe by the 1D simulation,

were identified as disaster potential areas. This means a 2D model is required for debris

flow hazards simulation for evaluation of the countermeasure design efficiency, even for a

straight channel.

Keywords

Countermeasure � Numerical simulation � Debris flow hazards � Check dam � Debris 2D

Introduction

In Taiwan, debris flows occur frequently in mountain areas

during heavy rainfalls or typhoons. Debris flow hazards

often cause serious damages of infrastructure and loss of

property as well as human lives. They are severe threats to

people who live near the debris flow torrent. The most used

countermeasures in potential debris flow torrents is to build

one or a series of check dams (also called sabo dam)

(Takahashi 2007).

For decades, researchers have studied the efficiency and

design criterion for check dams in different aspects such as

types, size, numbers and locations. There are many theoreti-

cal, experimental and field studies in this area. As numerical

simulation technique improves, numerical simulation

becomes the most convenient method to evaluate the effect

of check dams. A brief literature review for numerical simu-

lation for the effect of check dams is given as follows.

Busneli et al. (2001) conducted numerical modeling and

experiments to study the erosion and deposition patterns on

sediment transport through a slit-check dam. Armanini and

Larcher (2001) theoretically derived a relationship among

opening width, river topography, sediment characteristics,

and water and sediment discharges for designing a slit-check

dam. Then, Catella et al. (2005) applied the above model to

analyze the efficiency of slit-check dam. The result agreed

with the field evidences collected from 2-years monitoring

activities. Remaı̂tre et al. (2008) applied numerical model to

evaluate the influence of number and location of check dams

on the reduction of debris flow run-out intensity, in terms of

flow thickness, velocity and volume. The result suggests that

Y.-H. Wu

Department of Civil Engineering, National Taiwan University, Taipei

10617, Taiwan

e-mail: wu.ahsin@gmail.com

K.-F. Liu (*)

Department of Civil Engineering, National Taiwan University, Taipei

10617, Taiwan

Hydrotech Research Institute, National Taiwan University, Taipei

10617, Taiwan

e-mail: kfliu@ntu.edu.tw

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 1,
DOI 10.1007/978-3-319-04999-1_66, # Springer International Publishing Switzerland 2014

473

mailto:wu.ahsin@gmail.com
mailto:kfliu@ntu.edu.tw


check dams located near the potential source areas could be

very efficient for controlling the debris flow run-out inten-

sity. Osti and Egashira (2008) also proposed a methodology

for designing a series of check dam against debris flow

hazards. Their results show that effective control of debris

flow can be achieved not only by increasing the number and

size of check dams but also by selecting appropriate

locations.

However, many details such as topography, grain mixing

and bed erosion effects must be evaluated before performing

a realistic simulation. This paper will concentrate on the

effect of topography. All the above mentioned literatures

used one-dimensional (1D) numerical program. But in real

condition, the debris flow motion may be irregular along

transverse cross-section, and 1D model cannot give a correct

assessment. Therefore, two-dimensional (2D) debris flow

model may be required for more precise evaluation of

check-dam design. To show the effect, we adopt the

Debris2D (Liu and Huang 2006), a 2D debris-flow model,

to assess the influence of check-dam in a close to 1D debris

flow stream. In Taiwan, Debris2D is widely applied for

debris flow assessment and proven to be a practical and

reliable simulation tool, as will be mentioned in next section.

In this study, a case of Taipei DF024 potential debris flow

torrent is presented for studying the influence of counter-

measure on debris flow hazards.

Introduction to Debris-2D Simulation Program

In this section we briefly introduce the two-dimensional

debris flow simulation model, Debris2D, with respect to

governing equations, computation algorithm, input and out-

put, and verification of the program.

Governing Equations and Computation
Algorithm

In Debris2D, the theory of viscoplastic fluid, a branch of

non-Newtonian fluid mechanic, is applied for debris flow

motion. The bulk of debris flow is treated as a continuum.

The governing equations are mass and momentum conser-

vation equations with shallow water assumption. The coor-

dinate system is the Cartesian coordinate with the average

bed elevation as x-axis. The adopted constitutive relation is

the three-dimensional generalized one proposed by Julien

and Lan (1991) as follows.

τij ¼ τ0
εII

þ μd þ μcεII

� �
εij, for τII � τ0, ð1Þ

εII ¼ 0, for τII < τ0, ð2Þ

where (i, j) ¼ {x, y, z};

εII ¼ 1

2
εijεij

� �1=2

and τII ¼ 1

2
τijτij

� �1=2

: ð3Þ

εij ¼ 1
2

∂ui
∂xj

þ ∂uj
∂xi

� �
denotes strain-rate tensor; τ0 is yield

stress; μd and μc are dynamic viscosity and turbulent-

dispersive coefficient, respectively. Equation (1) denotes

the constitutive relation in the region where the shear stress

is greater than yield stress; (2) is for the region with shear

stress less than yield stress.

From the analysis of field data, Liu and Huang (2006)

found that shear layer thickness is less than 10 % of total

flow depth. So, the shear layer can be ignored to the leading

order. After simplification and rearrangement, the resulting

governing equations in conservative form are conservation

of mass

∂H
∂t

þ ∂ uHð Þ
∂x

þ ∂ vHð Þ
∂y

¼ 0, ð4Þ

and conservation of momentum in x and y directions

∂ uHð Þ
∂t

þ ∂ u2Hð Þ
∂x

þ ∂ uvHð Þ
∂y

¼

�gH cos θ
∂B
∂x

þ ∂H
∂x

0
@

1
Aþ gH sin θ � 1

ρ

τ0uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p ,

ð5Þ

∂ vHð Þ
∂t

þ ∂ uvHð Þ
∂x

þ ∂ v2Hð Þ
∂y

¼

�gH cos θ
∂B
∂y

þ ∂H
∂y

0
@

1
A� 1

ρ

τ0vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p ,

ð6Þ

where H(x, y, t) is flow depth; B(x, y, t) is the bed topogra-

phy; u(x, y, t) and v(x, y, t) are depth-averaged velocities in

x- and y-direction respectively; tan θ is the bottom bed

slope; τ0 and ρ are debris-flow yield stress and density,

which are all assumed to be constant here; g is the gravita-

tional acceleration. Since the bottom shear layer is ignored,

the yield stress becomes the dominant bottom stress.

With nonlinear treatment, the initiation criterion for any

originally stationary debris pile is derived as

∂B
∂x

þ ∂H
∂x

� tan θ

� �2

þ ∂B
∂y

þ ∂H
∂y

� �2

>
τ0

ρg cos θH

� �2

: ð7Þ

The derivatives of B and H represent pressure effect and

tan θ is the gravitational effect. The right hand side is the
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resistance from yield stress. According to (7), debris flow

can start to move only if pressure and gravitational effects

exceed the yield stress effects.

Debris2D uses finite difference method for the governing

equations (4), (5) and (6). In spatial discretization, the first-

order Upwind method is applied to discretize convective

term and central difference method is used for the remaining

terms. The explicit third-order Adams-Bashforth method is

used for time advancing. During computation the time step

Δt is fixed and holds the Courant-Friedrichs-Lewy condition,
and the volume of debris flow bulk is conserved.

For start of computation, Debris2D uses (7) to determine

where debris flow can be initialized. If (7) is not satisfied, the

mass stays stationary with zero velocities and unchanged

flow depth. During computation, if the maximum velocity

in the whole computational domain is less than numerical

error, the computation terminates automatically.

Input and Output for Simulation

The main inputs include topography, initial debris source

distribution, and material property of debris flow. For

Debris2D the digital elevation model (DEM) of topography

must be in rectangular grids. Man-made structures, e.g.,

check dam, can be included and modified into DEM for

precise simulation.

The debris source distribution can be determined through

field survey, aerial or satellite photos or other methods. From

field survey or satellite photo analysis, one can find the dry

debris volumes Vd and its corresponding triggering

locations. Referring to Takahashi (2007), the equilibrium

solid volume concentration Cv of a flowing debris flow can

be expressed as

Cv ¼ ρw tan θ

σ � ρwð Þ tanφ� tan θð Þ , ð8Þ

where ρw is water density; σ is the density of dry debris

(around 2.65 g/cm3); φ is internal friction angle (about 37�) ;
θ is average bottom slope angle in the field. The maximum

value of Cv cannot exceed 0.603 (Liu and Huang 2006), and

also Cv ¼ 0.603 if θ � φ. With Cv obtained from (8), the

debris flow density is ρ ¼ σCv + ρw(1 � Cv). Also, using Cv

the debris flow volume V can be determined using the

formula as follows:

V ¼ min
Vd

Cv
;

Vw

1� Cv

� �
, ð9Þ

where min(�) is an operational function for returning the

minimum value, i.e., x ¼ min(x, y) if x � y; Vd represents

dry debris volume due to field survey, or other

investigations; Vw is total volume of water for triggering

debris flow in the simulation, and it can be obtained using

a rainfall-runoff model, or other hydrological analysis

methods. But we don’t focus on the details of hydrological

analysis here. In (9), if water input is sufficient to transform

all mass into debris flow, the input volume of debris flow is

determined using V ¼ Vd/Cv; otherwise, V ¼ Vw/(1 � Cv)

is applied for the condition that water is insufficient and only

part of total mass volume forms debris flow. These source

volumes and their locations can be inputted through graphi-

cal user interface of Debris2D program.

The final input is the material property of debris flow. The

only rheological parameter needed for input is the yield

stress τ0. The accurate value for yield stress can be measured

and calibrated from samples using the method proposed by

Liu and Huang (2006), and Liu and Mei (1989). For a rough

estimation the yield stress varies with respect to solid size

and composition in the field, and it usually ranges from

102�104 Pa for debris flows with large granular materials.

The larger the averaged grain diameter, the higher the yield

stress. For mud flows, the yield stress is usually less than

100 Pa.

The outputs of Debris2D include temporal variation of

flow depth, depth-averaged (x, y) velocities for the whole

domain, final affected area, and the maximum flow depth

and velocities variation at each output time. The output time

interval of Debris2D can be in seconds. Also, Debris2D can

also calculate impact force (Liu and Lee 1997) at specified

locations. This impact force information can be a practical

reference for design of any control engineering.

Verification and Application

Debris2D program was verified by analytical solution and

flume test with error under 0.2 % for predicting front loca-

tion (Liu and Huang 2006). Also, Liu and Huang (2006) used

this program to simulate the debris flow hazard in Nantou

County, Taiwan. Compared with the field measurements, the

simulation results had less than 5 % error in affected area as

well as the final deposition depth. Thereafter, in Taiwan

Debris2D has been widely applied for mitigation of debris

flow hazards in many aspects, including vulnerability risk

assessment (e.g., Liu and Li 2007), and design of evacuation

map (e.g., Liu et al. 2009), and potential hazard map (e.g.,

Liu et al. 2013). It was also proven to be suitable to assess

granular debris flow hazards (Wu et al. 2013). As all input

parameters are determined by physical procedures, no cali-

bration or back-calculation is needed for Debris2D simula-

tion. There are several successful predictions by Debris2D.

For example, Debris2D was applied to assess the debris flow

affected area in Daniao tribe, in southeast Taiwan, in 2006

and the predicted result agrees very well with the real event

The Influence of Countermeasure on Debris Flow Hazards with Numerical Simulation 475



occurred in 2009 (Tsai et al. 2011). Not only in Taiwan,

Debris2D is also successfully applied in other countries, e.g.,

South Korea (Liu and Wu 2010). From above literatures,

Debris2D is proven to be a practical and reliable tool for

assessment of debris flow hazards.

Case Study of Taipei DF024

The Taipei DF024 potential debris flow torrent (Taipei

DF024) is located at north east part of Taipei city. Figure 1

shows the aerial photo of the whole watershed of Taipei

DF024. There are three tributaries in this torrent with aver-

age length of 950 m and average slope of 36 %. The total

watershed area is 31 ha, and the average accumulated rain-

fall in this watershed is 3,163 mm.

From field survey results (Liu et al. 2013), three potential

masses are distributed along the midstream in Tributary 2, as

shown in Fig. 1. The volumes and locations for all initial

masses are listed in Table 1. Due to abundant rainfall in this

watershed, all masses are assumed to be transformed into

debris flow in our case. Using (8) the equilibrium concentra-

tion of debris flow is 0.603 in this torrent. So the total

volume of debris flow is 5,406 m3. The calibrated yield

stress for in-situ material is 750 Pa. Besides, according to

field survey, the sediment layer on the surface of riverbed is

very thin, and most channel bed is bedrock. So the erosion

effect in this torrent can be negligible. Therefore, topogra-

phy for simulation is assumed to be fixed, i.e., B(x, y) in

(4)–(7). Moreover, the sinuosity of tributary 2 is 1.029. It

means the flowing condition of debris flow in tributary can

be considered as one-dimensional.

The protected targets are two residential houses and a

county road near the conjunction of three upstream

tributaries. We first examined the hazard area without coun-

termeasure by using original field topography for simulation.

The simulated result is shown in Fig. 2b. The result indicates

that two residential houses and county roads are covered by

debris flow. In order to protect the houses we designed two

closed-type check-dams downside the three masses. The

detailed information of locations and dimensions for

designed check-dams is listed in Table 2. The designed

storage capacity of Dam 1 and 2 are 3,900 and 11,125 m3,

respectively. The storage capacity of both dams is three

times more than the possible total mass from upstream. As

considering the designed storage capacity of check dams, if

using a 1D program, one would obtain a result showing the

area to be completely safe. However, the simulation using

Debris-2D gives different result. As is shown in Fig. 2d the

simulated result shows that the Dam 1 blocked all debris

flow (i.e., 1,968.2 m3 in volume) from its upstream. But for

Mass 3, only 75.2 % of total volume (i.e., 2,585.6 m3) is

stopped by Dam 2. The county road is covered by debris

flow. For this case, even the storage capacity of Dam 2 (i.e.,

11,125 m3) is three times greater than the total volume of

Mass 3 (i.e., 3,437.8 m3), debris flow still flows over the

Dam from boundary because of the curving effect from

Fig. 1 Aerial photo of Taipei DF024 watershed. There are three

tributaries of which average length is 950 m. The protected objects

(blue rectangles) are residential houses and county road (chalk yellow
line). The sinuosity of Tributary 2 is 1.029. The volumes and locations

of three masses (i.e., Mass 1 � 3) are tabulated in Table 1. The

coordinate system is Tw97 (modified from figure of S.C. Wei)

Table 1 Information of initial mass distribution (see Figs. 1 and 2 for

locations)

No.

Location of mass centera (m)

Debris flow volume (m3)E N

1 309172 2781367 1,432.8

2 309157 2781330 535.4

3 309158 2781225 3,437.8
aThe coordinate is TW97
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topography. Even the tributary can be considered as 1D, the

flowing condition of debris flow still has 2D feature due to

topography effect. Therefore, 2D simulation model is

required for the evaluation of efficiency for countermeasure

design.

Case presented above shows that using Debris2D we can

evaluate the efficiency and capability of the two designed

check-dam against debris flow hazards. The topography

effect can also be considered in the evaluation. The two-

dimensional distribution of simulated mass gives more infor-

mation and better assessment.

Concluding Remarks

We presented the numerical simulation for the influence of

closed check-dam on debris flow hazard using a case

study. The Taipei DF024 potential debris flow torrent in

Taiwan was our target of case study. We considered two

conditions of topography with or without countermeasures.

Fig. 2 (a) Aerial photo of Taipei DF024 with initial mass distribution,

the volumes and locations are listed in Table 1; (b) final deposition (at

593 s) without countermeasure; (c) locations of two check dams (see

Table 2 for details); (d) final deposition (at 288 s) with two check dams.

Blue rectangles indicate houses; Pink line is county road; Light blue
line is center line of Taipei DF024. The upper part is the upstream of

the debris flows

Table 2 Information of the designed check dams in case study

No.

Location of mass centera (m) Dimension (m)

Storage capacity (m3)E N Length Width Height

1 309135 2781271 50.0 5.0 8.0 3,900

2 309125 2781192 100.0 7.0 8.0 11,125

The locations of two check dams are illustrated in Fig. 2c
aThe coordinate system is TW97
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In our study, the countermeasures are close-type check-

dams. The simulated result for no check-dam situation

indicates that two residential houses and county road will

be damaged and influenced by debris flow hazards. Then,

we used two designed closed-type check-dams at down-

side as protection measures. The simulation result shows

that residential houses are safe, but county road is covered

by debris flow. This overflow is due to topography and

cannot be obtained from a 1D model.

In this study, we found that even if the tributaries can

be regarded as 1D, the flowing condition of debris flow

still has 2D flowing characteristics. Therefore, in order to

obtain more accurate simulation result, the evaluation of

countermeasure should also consider the topography

effect by using 2D simulation model.

We used the Debris2D to simulate the influence of

countermeasures on debris flow hazards. From the case

study of Taipei DF024, the result shows that this two-

dimensional debris flow simulation model is suitable for

evaluating the efficiency and capability of countermeasures.
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Simulation of a Rapid and Long-Travelling Landslide
Using 2D-RAPID and LS-RAPID 3D Models

Bin He, Kyoji Sassa, Osamu Nagai, and Kaoru Takara

Abstract

In this study, two process-based computer numerical models for simulating the generation

and propagation of landslide are developed by integrating the initiation process triggered by

rainfalls and/or earthquakes and the development process to a rapid motion due to strength

reduction and the entrainment of deposits in the runout path. Among them, the 2D-RAPID

model is a two dimensional model and LS-RAPID 3D Model is a three dimensional model.

Both of them were developed from the geotechnical model for the motion of landslides and

its improved simulation model and new knowledge obtained from a new dynamic loading

ring shear apparatus. The aim of this study is to validate and compare these two models. For

this purpose, the two models were applied in a rapid and long-traveling landslide, which

occurred on 17 February 2006 in the southern part of Leyte Island, Philippines and caused

154 confirmed fatalities, and with an additional 990 people missing in the debris. For

comparison, all the parameters used in the 2D landslide model are using the same values

used in the 3D landslide model. As simulation results, the application of these two

simulation models could reproduce well the initiation and the rapid long runout motion

of the Leyte landslide. However, for the deposition area, the 2D landslide model resulted in

a higher and narrower mass volume than the 3D landslide model. Moreover, the 2D-RAPID

shows a simple process to handle the input and output database, which is easily understood

and can be used in engineering application. In addition, the LS-RAPID 3DModel shows an

excellent interface for rainfall or/and earthquake induced landslide with spatially

distributed complex topographic data. The distributional information of soil parameter

can be set and the 3D view of the calculated landslide initiation and runout can be
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successfully achieved in LS-RAPID 3D Model. Thus, each of these different dimensional

landslide models has its respective advantages and disadvantages depending on the target

study area and the type of the area.

Keywords

Landslide � Simulation, LS-RAPID model � 2D-RAPID model � Rainfall � Earthquake �

Leyte

Introduction

Landslide is one of the most costly and damaging natural

hazards of the world. In the recent decades, it has been

increased rapidly all over the world due to severe rainfall

by the global climate change. Thus, it is important to under-

stand the process and mechanisms driving the instability,

especially, the rapid and long-travelling landslide (Claessens

et al. 2007; Sassa et al. 2004). So far, the landslides have

been studied by many methods such as statistical analysis,

geophysical mapping, and numerical modelling. The

characteristics of landslide disasters present the necessity

of a new and advanced modelling technology for disaster

risk preparedness which simulates its initiation and motion.

Many numerical landslide models are available, with

each of these methods having its respective advantages and

disadvantages depending on the target study area and the

type of the area (Jia et al. 2012; Liu and Wu 2008). From the

viewpoint of dimension, a vast range of slope stability anal-

ysis tools exist for both 2D and 3D landslide models. The

conventional 2D numerical landslide models are simple,

fast, inexpensive, and relatively accurate. Due to the rapid

development of computing efficiency, several numerical 3D

methods are gaining increasing popularity in slope stability

engineering. The ability to manage and process fully three-

dimensional information has only recently been made avail-

able for a few Geographical Information Systems (GIS). An

increasing number of investigators are now using 3D numer-

ical calculations for estimating slope stability (Dawson and

Roth 1999; Zettler et al. 1999; Hürlimann et al. 2002;

Konietzky et al. 2004; Yu et al. 2005). Thus, knowledge of

these different methods is essential in view of the potential

variation in the input parameters required and in the

subsequent interpretation of the generated results. In com-

plex cases, the required analysis methodology may not

involve the use of a single technique, but may require the

integrated use of several conventional and numerical

methods (Eberhardt et al. 2002).

This paper presents the considerable differences between

2D and 3D models, giving 2D-RAPID and LS-RAPID 3D

Models as examples. The results of this research can provide

scientific information for the researchers on simulation of a

rapid and long-travelling landslide using 2D and 3D models.

Study Site

In this study, the Leyte Landslide was used as a working

example. A rapid and long-traveling landslide occurred on

17 February 2006 in the southern part of Leyte Island,

Philippines (Fig. 1). The landslide caused 154 confirmed

fatalities and 990 people missing in the debris. The Interna-

tional Consortium on Landslides (ICL) and the Philippine

Institute of Volcanology and Seismology (PHIVOLCS)

organized a joint Japanese and Philippine team of 22

scientists and engineers. The team investigated the landslide

from the ground and from a chartered helicopter. The inves-

tigation was reported at the International Conference Work-

shop “Guinsaugon 2008-Living with landslides” (Sassa et al.
2008). The results were presented as a part of the paper on

the combined effect of earthquake and rainfalls (Sassa et al.

2007). The estimated landslide volume was 20 million m3

(Catane et al. 2007 ) and 16–30 million m3 (Araiba et al.

2008). The geospatial data includes digital elevation data,

soil types, land use, field survey data, etc.

Methodology

This study has developed the simulation framework for the

rapid and long-travelling landslide modelling system

characterized by rapidly moving flows of mixed soil and

rock. These landslides are often occurred on saturated hill

slopes due to extreme rainfall or earthquakes. The frame-

work of the modelling system is to identify “from where” the
landslides have been initiated, and “until where” landslides
may occur in the large scale region.

In this study, the 3D and 2D landslide models were used

to emphasize on how the advantages of the different

modelling tools can be maximized to provide optimal results

with respect to visualization and comprehension of the pro-

cesses and mechanisms contributing to instability. The cur-

rent work is basically an extension to the model developed

by Sassa et al. (2010). The repeatability of experiments is

first investigated by using 3D LS-RAPID model. Then the

same parameters are applied in 2D-RAPID model. The

detail description of the process is given as below.
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The 3D Landslide Simulation Model

In this study, a distributed geotechnical 3D landslide simu-

lation model (LS-RAPID) was applied for the assessment of

risk of the rapid and long-travelling landslide (Fig. 2). In this

modelling framework, catchment topography is represented

based on digital elevation model (DEM) which is divided

into an orthogonal matrix of square grid-cells. Basic concept

of the landslide simulation model is shown in Fig. 1 (Sassa

et al. 2004). A vertical imaginary column is considered

within a moving landslide mass. The forces acting on the

column are (1) self-weight of column (W), (2) lateral pres-

sure acting on the side walls (P), (3) shear resistance acting
on the bottom in the upward direction of the maximum slope

line (before motion) or in the opposite direction of landslide

movement (during motion) (R), and (4) the normal stress

acting on the bottom (N) given from the stable ground as a

reaction of normal component of the self-weight (Wn). The

sum of three forces of (1) (2) (3) will cause the motion of

landslides, namely the component of the self-weight parallel

to the slope (Wp), and the sum of the balance of lateral

pressures in the directions of X and Y and Shear resistance

(R). The landslide mass (m) will be accelerated by an accel-

eration (a) given by the sum of these three forces.

am ¼ Wp þ ∂Px=∂x � Δxþ ∂Py=∂x � ΔyÞ þ Rð ð1Þ

Wp ¼ W þ Fvþ Fxþ Fy

where, W: self weight, Fv, Fx, Fy: seismic force.

The angle of slope is different in the position of column

within landslide mass. All stresses and displacements are

projected to the horizontal plane and calculated on the hori-

zontal plane. This simulation model can express the land-

slide initiation by the combined effects of pore water

pressure and seismic shaking and post-failure motion until

the deposition. Landslides can be triggered by seismic load-

ing either using real seismic records or simple cyclic waves

under a certain pore water pressure (pore pressure ratio)

within LS-RAPID. The effect of seismic force is much

Fig. 1 Air photo and the result of

computer simulation of the Leyte

landslide. Air photo taken from

the chartered helicopter by a

member of Japan–Philippines

investigation team (K. Araiba).

The travel distance and the major

part of landslide distribution were

well reproduced. The secondary

debris flow and muddy water

spreads to the leftward in the

photo and field observation

Landslide mass

Column element

Stable ground

Fig. 2 Geotechnical model for

landslide motion (left) and forces

acting on a sliding mass column

(right). The mesh size at x–y

plane is Δx � Δy. The forces
include gravity W, supporting

force N, shear resisting force R,

and earth pressures Px and Py
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affected by frequency of shear wave and the wave form. It is

quite different in the case of static, low frequency, high

frequency and the magnitude of peak acceleration.

As for the parameters necessary for the computer simula-

tion, most of soil parameters can be decided from the test on

drilled sample by undrained cyclic loading ring shear test,

namely the steady state shear resistance, the friction angle at

peak, and the friction angle during motion, the shear dis-

placement at the start of strength reduction (DL), the shear

displacement at the end of strength reduction (DU). Cohe-

sion is regarded to be small (10 kPa) assuming the shear

surface was formed in a not over-consolidated sand layer

like the drilled core. Some other parameters such as the

lateral pressure ratio and parameters for non-frictional

energy consumption are not decided by the ring shear tests

(Sassa et al. 2010).

The 2D Landslide Simulation Model

The 2D landslide simulation model (2D-RAPID) is the two-

dimensional version of the above developed 3D model.

Since it is 2D version, the Y direction will not be considered

in (1). Thus, the (1) will be:

am ¼ Wp þ ∂Px=∂x � ΔxÞ þ Rð ð2Þ

Wp ¼ W þ Fvþ Fx

Accordingly, the effects of triggering factors of earth-

quake and pore water pressure will be considered in 2D as

below:

∂h=∂t þ ∂M=∂x ¼ 0 ð3Þ

Where, h is the height of the soil mass column in each

mesh; M is the soil mass discharge per unit width in X

direction; t is time.

From the geometric relation, the horizontal component of

gravity plus seismic coefficient to X direction is g � tan α/
(q + 1) � (1 + Kv). Here, g is the gravity (acceleration), α is

the angle of the ground surface to x–z plain; k is the lateral

pressure ratio (ratio of lateral pressure and vertical pressure);

Kv is the seismic coefficient to the vertical direction.

Results and Discussion

Results

The 3D simulation of landslide was firstly run by the LS-

RAPID model and the results were published in Sassa et al.

(2010). It shows that the 3D landslide model can represent

well the slope failures at each grid element from initiation to

long way runout. The computer simulation reproduced a

rapid landslide with a similar travel distance and distribution

area which was triggered by a pore water pressure ratio of

0.15 and a small seismic shaking of KEW ¼ 0.12 and KNS

and KUD ¼ 0.061 using the seismic wave forms recorded at

the Maasin observatory. The simulation result almost

corresponded that the rapid landslide triggered by a small

nearby earthquake of Ms ¼ 2.6 in 5 days after the

consecutives heavy rains for 3 days intensity of over

100 mm/day.

To compare the results obtained by the 2D and 3D

models, the red line in Fig. 3 showing the location of the

cross section has been selected for 2D landslide model. All

the parameters used in 2D landslide model are using the

same values which were used in 3D landslide model.

Fig. 3 Simulation area in the 3D

landslide model. (a) Shows the

outline of the unstable mass. (b)

Shows the sliding surface created

by ellipsoid method. The red line
in (c) shows the location of cross

section for 2D model
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While the 3D landslide model needs a lot of parameters, the

2D landslide model only needs several parameters such as

soil unit weight, peak friction coefficient at sliding surface,

peak cohesion at sliding surface, friction coefficient during

motion at sliding surface, friction coefficient inside landslide

mass, lateral pressure ratio, steady state shear resistance at

sliding surface.

Figure 4 shows the cross-section of the ground surface

before and after failure using 2D and 3D landslide models,

respectively. From Fig. 4a, b, it can be clearly found that the

sliding surface calculated by LS-RAPID 3D model is more

close to the ground surface and the assumed sliding surface.

As for the initiation area, the results are almost same for 2D

and 3D models. However, for the deposition area, the 2D

landslide model has higher and narrow mass volume than the

3D landslide model. This is because the soil mass can move

in both X and Y direction when using 3D landslide model.

However, the soil mass can only move along X direction

when using 2D landslide model.

Discussion

Three-dimensional analyses of slope stability are not often

used in practical applications as they are more elaborate than

plane-strain analyses, and no convenient methods have been

developed for performing such analyses. A two-dimensional

(2D) plane strain analysis also can be regarded as

conservative in cases where 3D failure should be expected,

and it is often preferred in design (Cornforth 2005). In spite

of the fact that most landslides display not cylindrical but

spatial slip surfaces, 2D slope stability analysis are widely

used. Application of 2D modeling sometimes forces the user

to consider the simplification of the real problem. The com-

plexity of the slide geometry presents significant limitations

with respect to the applicability of 2D solutions and uncer-

tainty with regards to the underlying failure mechanism

requires consideration of both continuum and discontinuum

techniques (Cala et al. 2006; Konietzky et al. 2004).

However, in some cases 3D calculations are necessary in

order to take the complexity of geology under consideration.

As shown in this study, the 3D simulation of Leyte Landslide

can give a 3D view of the landslide initiation and deposition

area. In addition, the application of 2D models, for certain

cases, may lead to a very conservative approach. In case of

the limited width of soft subsoil layer, Factor of Safety (FS)

obtained from 2D calculations may be seriously

underestimated. The results from the 2D-Rapid model

shows the deposition area is smaller than that obtained

from the 3D LS-RAPID model. It seems that there is a

widespread opinion that considering problem in 2D is

always conservative and that engineering design doesn’t
need the third dimension (Cala et al. 2006).

Conclusion

In this study, we can conclude with the following:

1. The framework for numerical assessment of a rapid and

long run-out landslide using the distributed 2D and 3D

landslide model has been developed.

2. The cross section simulated from the 2D and 3D landslide

model shows the good relationship with the observed

landslides cross section.

3. The 2D and 3D numerical modelling slope analysis

techniques have their own advantages and disadvantages

inherent in their respective methodologies.

4. The limitations of existing 2D and 3D landslide models

should be recognized by the engineers. In complex cases,

the required analysis methodology may not involve the

use of a single technique, but may require the integrated

use of several conventional and numerical methods. The

model and analysis will depend on the site conditions and

the potential mode of failure identified through the field

survey.

5. The availability of such program developed in this study

is very useful in evaluating the safety and for remediation

of rainfall/earthquake triggered landslides in different

areas, including cut slopes and earth fill embankments

in urban areas and along major highways. Moreover, they

will be very useful for land use planning.

Fig. 4 Cross-section showing the ground surface before and after

failure using 2D and 3D landslide models. The assumed sliding surface

was decided by using the field survey data
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Landslide Technology and Engineering in Support
of Landslide Science

Kyoji Sassa

The World Landslide Forum (WLF) is the triennial confer-

ence of the International Consortium on Landslides (ICL) and

the International Programme on Landslides (IPL). The IPL is

a programme of the International Consortium on Landslides,

managed by ICL and its supporting organizations: UNESCO,

WMO, FAO, UNISDR, UNU, ICSU, WFEO and IUGS.

IPL and WLF contribute to the United Nations International

Strategy for Disaster Reduction.

The World Landslide Forum provides an information and

academic-exchange platform for landslide researchers and

practitioners. It creates a triennial opportunity to promote

worldwide cooperation and share new theories, technologies

and methods in the fields of landslide survey/investigation,

monitoring, early warning, prevention, and emergency man-

agement. The forum’s purpose is to present achievements of

landslide-risk reduction in promoting the sustainable devel-

opment of society.

Advancements in landslide science and disaster-risk

reduction are supported by developments in landslide tech-

nology and engineering. Here we invited ICL supporters

who support the publication of the international full-color

journal “Landslides: Journal of the International Consortium
on Landslides”, the companies advertising in the seven

volumes of “Landslide Science and Practice: Proceedings

of the Second World Landslide Forum 2011” and the

companies exhibiting at the Third World Landslide Forum

2014 to introduce their landslide technology and engineer-

ing. Six companies applied to exhibit in this book: their

names, addresses, contact information and a brief introduc-

tion are given below (in the order of receipt of application):

1. MARUI & Co. Ltd.

1-9-17 Goryo, Daito City, Osaka 574-0064, Japan

URL: http://marui-group.co.jp/en/index.html

Contact: hp-mail@marui-group.co.jp

MARUI & Co. Ltd is the leading manufacturing and sales

company in Japan since 1920 of material testing

machines for soil, rock, concrete, cement and asphalt.

Marui engineers built and assisted in development of

the series of stress and speed control ring-shear apparatus

by DPRI and ICL to study landslides since 1982.

2. OSASI Technos, Inc.

65-3 Hongu-cho, Kochi City, Kochi 780-0945, Japan

URL: http://www.osasi.co.jp/en/

Contact: info-tokyo@osasi.co.jp

OSASI Technos, Inc. develops and markets the slope-

disaster monitoring system called OSASI Network

System (OSNET). The monitoring devices use a built-in

lithium battery and operate without external electricity

supply in mountainous areas. The system enables a

network of up to 64 units with up to 1 km distance

between units. OSNET is suitable for quickly establishing

monitoring systems on landslides in emergencies.

3. Okuyama Boring Co., Ltd.

10-39 Shimei-cho, Yokote City, Akita 013-0046, Japan

URL: http://www.okuyama.co.jp/

Contact: info@okuyama.co.jp

The Okuyama Boring Company Ltd specializes in

landslide investigation, analysis of landslide mechanisms,

and design of landslide remedial measures. The company

uses its own software to analyze the initiation and

motion of landslides, including the tsunami generated

by landslides into reservoirs.

4. Japan Conservation Engineers & Co., Ltd.

3-18-5 Toranomon, Minato-ku, Tokyo 105-0001, Japan

URL: http://www.jce.co.jp

Contact: hasegawa@jce.co.jp

Japan Conservation Engineers & Co, Ltd develops

landslide-simulation software and shear-testing appara-

tus, including slip-surface direct-shear apparatus and

ring-shear apparatus to measure the shear strength

mobilized on the sliding surface of landslides. Japan

Conservation Engineers is a consulting company for

K. Sassa (*)
International Consortium on Landslides, Kyoto, Japan
e-mail: sassa@iclhq.org
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landslide investigation, reliable monitoring, data analysis

and the design of landslide-risk reduction works.

5. KOKUSAI KOGYO Co., Ltd.

2 Rokuban-cho, Chiyoda-ku, Tokyo 102-0085, Japan

URL: http://www.kk-grp.jp/english/

Contact: overseas@kk-grp.jp

Kokusai Kogyo has undertaken aerial surveys, infrastruc-

ture development projects for road and harbor facilities,

and landslide-disaster prevention and mitigation works

since its foundation in 1947. The company has recently

developed remote-sensing technology using the laser pro-

filer, satellite synthetic aperture radar, and a new moni-

toring system called <Shamen-net> integrating GPS and

other monitoring devices, all of which contribute to

landslide-disaster prevention and mitigation.

6. C.S.G. S.r.l. Centro Servizi di Geoingegneria

Via Cazzulini, 15A - 15010 Ricaldone (AL), Italy

URL: http://www.csgsrl.eu

Contact: csg@csgsrl.eu

C.S.G. S.r.l. Centro Servizi di Geoingegneria is a leader

in the production of multi-parametric in-place borehole

monitoring columns called DMS (patents). DMS columns

have been installed in a number of important international

sites, where continuous monitoring for Early Warning,

both in shallow landslides and deep-seated rockslides

requires instrumentation with high-precision, accuracy

and reliability. CSG pursues a high quality standard

through rigorous laboratory calibration tests, and long-

term stability and alignment tests within temperature-

controlled vertical and inclined boreholes in field.

Full-color presentations from these six exhibitors focus-

ing on their landslide technology are shown in the following

pages.

The progress of landslide science is supported by

advances in landslide technology. The success of landslide

risk-reduction measures needs effective landslide engineer-

ing. The International Consortium on Landslides seeks

expressions of interest in contributing to “Landslide Tech-

nology and Engineering to Support Landslide Science”
at the Fourth World Landslide Forum to be held on

May 29–June 2, 2017, in Ljubljana, Slovenia. We may

call for presentations on landslide technology and engineer-

ing in the proceedings, as well as through exhibitions at

the site. Those interested in this initiative are requested

to contact the Secretariat of the International Consortium

on Landslides <secretariat@iclhq.org>. We will send

invitations to interested applicants when further details

become available.
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