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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 refer-

ence 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.
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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 respon-

sibility 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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University of Ljubljana,

Ljubljana, Slovenia

Part 3

Snjezana Mihalić Arbanas
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A Simplified Analytical Model for the Design of Flexible Barriers Against

Debris Flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 725

Andrea Segalini, Roberto Brighenti, and Gessica Umili

Engineering Solutions for Elimination of the Risk of Destruction of Moraine . . . . 731

Eduard Zaporozhchenko and Aleksandr Butenko

Part VIII Risk Reduction Strategy

Introduction: Risk Reduction Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 743

Farrokh Nadim

Place-Conscious Education for Disaster Prevention in Risk-Prone Areas

of Sao Paulo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 745

Erica Akemi Goto and Jefferson de Lima Picanço

Landslide Community Mapping and Public Awareness in the Region

of Chichonal Volcano, Chiapas, Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 751

Guadalupe Hernández-Moreno, Ricardo J. Garnica-Peña,

and Irasema Alcántara-Ayala
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Snježana Mihalić Arbanas, Marko Komac, Candan Gokceoglu, and Legorreta Paulin

Landslide Database for the Federal Republic of Germany: A Tool for Analysis

of Mass Movement Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 787

Bodo Damm and Martin Klose

Landslide Inventory of the Eastern Part of the Gallipoli Peninsula

(Canakkale, Turkey) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 793

Gulseren Dagdelenler, Hakan A. Nefeslioglu, and Candan Gokceoglu

GIS-Based Integration of Heterogeneous Data for a Multi-temporal Landslide

Inventory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 799

Darya Golovko, Sigrid Roessner, Robert Behling, Hans-Ulrich Wetzel,

and Hermann Kaufmann

Investigating and Managing Shallow Landslides in Switzerland . . . . . . . . . . . . . . 805

Josef Hess, Christian Rickli, Brian McArdell, and Manfred Stähli

Global Catalog of Rainfall-Triggered Landslides for Spatial and Temporal

Hazard Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809

Dalia Kirschbaum

Landslide Counteracting System (SOPO): Inventory Database of Landslides

in Poland . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 815

Teresa Mrozek, Marcin Kułak, Dariusz Grabowski, and Antoni Wójcik
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Introduction: Physical Modeling and Material
Testing

Binod Tiwari, Baoping Wen, Yasuhiko Okada, and A.A. Virajh Dias

Abstract

Physical modeling and material testing play important roles for investigation, analysis,

design and countermeasure planning of landslides. This introductory article briefly

describes the nature of the diversified range of papers included in Section B1, Volume

2 of the Proceedings of the World Landslide Forum 3.

Keywords

Physical modeling � Landslides � Shear strength � Unsaturated soil � Rainfall

Significant advancements have been made in recent years in

the area of physical modeling and material testing pertinent

to investigation, analysis, design, and prevention of

landslides. Results of research and studies related to the

advancement of methodologies and standards for physical

modeling and material testing are available in recent litera-

ture including journal articles, conference proceedings, and

research reports. The objective of session B1: Physical

modeling and material testing in the World Landslide

Forum 3 (WLF3) was to provide opportunities to interna-

tional researchers to publish and present their recent research

findings in an international venue where thousands of

professionals who are working towards landslide hazard

mitigation through different approaches, meet and discuss.

Section B1 of volume 2 of this proceeding includes the

research findings pertinent to a wide theme—physical

modeling and material testing. High quality papers were

submitted to the conference secretariat for possible publica-

tion in the proeedings of the WLF3. Those papers went

through a rigorous review process. Each paper was reviewed

by at least two reviewers. Among the papers submitted for

possible publication, 35 papers were accepted for publica-

tion in this section of the proceeding. After peer reviewing,

all of these papers were further edited by the editorial board

of the conference for technical contents and English lan-

guage usage.

Papers included in this section cover a wide area of

physical modeling and material testing pertinent to landslide

hazard mitigation. Nine papers include the results of physi-

cal modeling for sand (1 paper), clay (2 papers) and rock

materials (6 papers). Five papers included in this section

cover the results regarding permeability and seepage behav-

ior of geo-materials. One paper includes the findings

pertaining to the geotechnical properties of clay. Likewise,

five papers included in this section deal with the causes and

stability of shallow landslides in general, whereas other five

papers describe the behavior of slopes on loess soil. Out of

35 accepted papers, 4 papers cover mechanism of large scale

landslides, whereas one paper each covers the mechanism of

earthquake induced landslides and debris flows. Moreover,
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this section also includes papers, one each, on risk mapping

and behavior of unsaturated soils.

Thirty five papers included in this section were co-authored

by 127 researchers all over the world including Asia, North

America, and Europe. Among the included papers, 21, 4, 4, 2,

2, 1, and 1 papers were submitted from China, USA,

Sri Lanka, Japan, Korea, Germany, and Thailand, respec-

tively, through the lead authors of the papers.

4 B. Tiwari et al.



Laser Scanner Application in Monitoring Short-Term
Slope Deformation

Kiminori Araiba and Naoki Sakai

Abstract

In order to develop a method to estimate the risk of secondary disaster during rescue

activities at a site suffering from slope failure, a method for using repeated surveying by

means of laser scanner installed on the ground is proposed. Eight experiments of slope

failure including one carried in a natural slope were done. To improve the accuracy in the

deformation, spatial stacking of data was adopted. Availability and reliability of the

method, characteristics of deformation measured are discussed.

Keywords

Laser scanner � Precursor � Delayed collapse

Introduction

Assessing and controlling the risk of a secondary disaster

during a search and rescue (S&R) operation at a disaster site

are difficult because both the quantity and quality of infor-

mation regarding the disaster are usually inadequate due

to the limited time and space available for investigation.

As an example, 60 fire-fighting volunteers were killed during

an S&R activity because of a secondary failure of a slope

that occurred approximately 4 h after the initial slope failure,

which had buried 1 person in Shigeto, Kochi prefecture,

Japan, in 1972 (Nakagawa and Okunishi 1977). Figure 1 is

a picture of a landslide caused by an earthquake in

Fukushima Prefecture on 11 April, 2011. Fire fighters

conducted S&R activity in the deposit. They recognized

that the slope was still moving. The activity was finished

on the next day, recovering a body.

Extensometers are frequently used to monitor movement

in the slope failure site. Saito and Uezawa (1961) first

discussed the prediction of failure using extensometer data;

related studies have been carried out (e.g., Varnes 1982;

Fukuzono 1985; Hayashi and Yamamori 1991). An exten-

someter is easy to set up, and it provides one-dimensional

data; therefore, it is easy to handle. On the other hand, it has

the following drawbacks:

1. It measures the variation in the distance between two

posts. One post must be located on the stable ground

and the other on the potential failure mass. However, it

is difficult to recognize the failure part and stable part

before failure actually occurs, especially in cases where

numerous cracks exist on the slope.

2. The installation must be carried out in an unstable area.

3. The direction ofmovement of the slidingmass is not always

parallel to the direction of the extensometer’s sensitivity.
By means of repeated surveying, it is possible to monitor

the spatial distribution of the deformation on a certain extent

of the slope; therefore, shortcomings 1 and 3 of the

extensometers can be overcome. With regard to shortcoming

2, some survey methods, such as, use of laser scanners,

photographic measurements, and fringe analyses require no

targets. These methods can reveal three-dimensional

deformations that can provide information for understanding

the mechanism of a potential failure. The application of such
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a method to monitoring of a slope failure can allow the

monitoring to start quickly and safely, which are the desir-

able aspects of an emergency response.

In this study, availability and reliability of repeated

surveying using a laser scanner installed on the ground

for monitoring pre-failure deformation of slope was

investigated by means of model slope experiments and a

model slope failure experiment, and the characteristics of

measured surface deformation are discussed.

Method

Method for Deformation Measurement

The laser scannermeasures distance to a part of a target that lies

within the angular width of the laser pulse beam divergence,

and it automatically scans the designated vertical and horizon-

tal angle widths by using designated angle intervals. The accu-

racy of the laser scanner is not as good as that of conventional

total stations; however, it can quickly measure wide areas. The

survey technique was applied to seven model tests to verify the

possibility of detecting pre-failure deformation.

Specifications of the laser scanner used in this study are

listed in Table 1. Result of accuracy check and method of

data process were described in Araiba (2006). Definition of

coordinate system is shown in Fig. 2.

Shape of slope was measured by each scan and represen-

tative Y value was calculated for 20 cm mesh by averaging

data in each mesh. Deformation of slope can be detected as

variations in the representative values.

Method of Experiments

Seven experiments (No. 1–7 in Table 2) involving model

slope failure induced by artificial rainfall were performed in

the large-scale rainfall simulator at the National Research

Institute for Earth Science and Disaster Prevention

(Fukuzono and Terashima 1985).

A model slope covered by a soil layer with a height of

5 m, width of 4 m, depth of 1 m and an inclination of 30� was
constructed using material listed in Table 2. Water was

sprayed from nozzles that were set at a 6-m-high ceiling. A

series of preparatory sprays were applied to the model slope

for about 10 days. Each preparatory spray application was

done for 8 h per day; its intensity was increased on a daily

basis from 15 to 45 mm/h. On the final day, the intensity was

increased to the value in Table 2, and water was sprayed

until the model slope eventually failed. Figure 3 shows

photographs of the model slope before and after the failure.

One experiment (No. 8 in Table 2) involving slope failure

induced by artificial rainfall was performed in a natural slope

mainly consists of decomposed granite soil. The detailed

conditions of this experiment were reported in Ochiai et al.

(2004). A section of the natural hill slope was isolated by

driving steel plates into the ground. The isolated segment

was 5 m wide, about 30 m long and had an average surface

gradient of about 33�. The topsoil comprised weathered

decomposed granite. The original vegetation was removed

and the ground surface was covered by straw mats in order to

prevent surface erosion and to improve the infiltration of

water into the ground.

Water was sprayed from nozzles attached to steel pipes at

a height of 2 m above the ground. The intensity of the spray

was 78 mm/h. The lower half of the segmented slope failed

approximately 6 h after the start of spraying. The maximum

depth of the failed mass was about 1.2 m. Figure 4 shows the

photographs of the slope before and after failure. The pair of

white arrows indicates the location of the head of the failure.

Fig. 1 A S&R activity was done in the deposit of a landslide where

mass of up-slope was still sliding during activity

Table 1 Specifications of laser scanner used in this study

Precision in

distance

Resolution in

angle

Beam

divergence Scan rate

8 mm 0.009� 1.2 m rad. 1,000

points/s

Fig. 2 Definition of coordinate system

6 K. Araiba and N. Sakai



Table 2 Experiment conditions

No. Material

Water

spray

intensity

(mm/h)

Slope

angle

(degree)

Scanner—

slope

distance

(m)

Horizontal

scan angle

(degree)

Horizontal

scan step

(degree)

Vertical

scan

angle

(degree)

Vertical

scan step

(degree)

Time for

one scan

(min)

No. of

data

(approx.)

1 River sand 100 30 12 21.6 0.108 18.0 0.054 4.0 35,000

2 River sand 50 30 10.5 20.6 0.200 17.0 0.1 1.5 13,500

3 River sand 50 30 16.5 26.2 0.153 17.0 0.099 2.4 14,000

4 River sand 50 30 10.5 23.0 0.297 20.2 0.126 1.4 6,400

5 River sand 50 30 10.5 19.4 0.243 16.2 0.081 1.2 12,000

6 Decomposed

granite soil

50 30 8.8 24.4 0.216 21.2 0.054 1.8 21,000

7 Decomposed

granite soil

30 40 13.3 22.4 0.216 15.9 0.054 1.5 12,400

8 Natural slope 78 33 40 7.0 0.054 27.0 0.054 1.5 20,000

Fig. 3 Model slope used in

experiments No. 1–7. (a) Before

failure; (b) after failure

Laser Scanner Application in Monitoring Short-Term Slope Deformation 7



Result and Discussion

Characteristics of Deformation

Figure 5 shows the deformation of slope prior to failure

measured in experiment No. 4. Blue colour indicates pro-

gressive deformation and red colour indicates retrogressive

deformation. Distinct deformation can be observed about

880 s before the failure and the amount of deformation

became larger with time.

Figure 6 shows changes in the cross section of model

slope with time in experiment No. 2 where the amount of

deformation is magnified by 20 times. The amount of retro-

gressive deformation in the upper region of slope has posi-

tive correlation with height and, on the other hand, that of

progressive deformation in the lower part does not show

correlation with position.

Figure 7 is a picture of slope about 1 min before failure,

captured from video in experiment No. 4. Two clear lines

(compression cracks) can be seen in the lower part of slope

and one tension crack can be seen on the top of the slope.

Retrogressive deformation was observed in the region

below the tension crack and its amount has a positive corre-

lation with height, which indicates that the deformation

accompanied rotation. On the other hand, progressive defor-

mation does not show such tendency. Slope seems to have

dislocated at the compression cracks with slight changes in

the angle of slope surface.

Reliability of Measurement

Figure 8 shows time series of specific meshes where large

deformation was observed. Remarkable deformation was

observed in all of tests. We can conclude that deformation

prior to failure can be detected with high possibility in slopes

that consists of the sandy material.

Retrogressive deformation shows acceleration with time;

on the other hand, slight acceleration can be seen in progres-

sive deformation.

Figure 9 shows result of test No. 8, which is done with

natural slope. Although the surface of slope was covered by

straw mats, which must have disturbed measurement, the

deformation prior to the failure can be detected about 20 m

away from slope. The amount of deformation is large and

acceleration can be observed in Fig. 9.

The reason that acceleration can be observed in some

cases and cannot in the other cases is considered due to the

noise in the measurement and resolution. In order to improve

the accuracy in the deformation, all laser spots within 10 cm

mesh are averaged in this method, thus spatial resolution is

compromised.

The dislocation at the compression is spatially sharp as

shown in Fig. 7 and 10 cm mesh is larger than the area of

dislocation, thus deformation values at meshes involving

compression cracks must be smaller than values of disloca-

tion. Furthermore, laser beam have a certain divergence

therefore shape of laser-spot at the slope is in the shape of

an ellipse. To measure more accurate value of dislocation, it

is necessary to make the size of mesh smaller and area of

laser-spot smaller. Further research in optimizing resolution

of measurement, robustness of measurement, scan rate and

scan position is necessary.

Conclusions

In order to develop a method to estimate the risk of

secondary disaster during rescue activities at a site

suffering from slope failure, a method for using repeated

surveying by means of laser scanner installed on the

ground is proposed.

Fig. 4 Slope after the experiment No. 8
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Fig. 5 Deformation measured in the experiment No. 4 projected to the X-Z plane

Laser Scanner Application in Monitoring Short-Term Slope Deformation 9



Eight slope failure experiments including one carried

out in a natural slope were performed. To improve the

accuracy in the deformation, spatial stacking of data was

adopted. Availability and reliability of the method was

verified.

Progressive deformation in the upper part of slope and

retrogressive one in the lower part were detected. Accel-

eration of deformation was observed clearly in retrogres-

sive deformation and was not clear in progressive one.

One possible reason for this difference is considered to be

the spatial extent of progressive deformation is limited in

a small region. To make more accurate measurements for

such spatially sharp deformation, it is necessary to opti-

mize resolution of measurement, robustness of measure-

ment, scan rate and scan position.
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Experimental Research of Risk Parameters in the
Process of Bedding Rock Landslide Motion

Bo Chai, Huanying Pan, and Xiang Li

Abstract

Bedding rock landslide is a common slope failure. The intensity of landslide is closely related

to rock structure and terrain. It is important to assess landslide risk based on the geological

structure. Firstly, the geological structure model of landside was set up based on the affecting

factors pertinent to the analysis of landslide motion. Then, a physical experimental set up was

built tomeasure the kinematics parameters of bedding rock landslidewith different geological

structures. Lastly, intensity parameters of bedding rock landslides were proposed by applying

test data based on risk theories. It indicates that: (1) bedding rock landslide can be divided into

three structures, i.e. similar granular, layer and blocky structure. Layer structure could be

divided into three subcategory considering terrain, rock structure and slip surface; (2) Three

dynamic parameters of final velocity on active-slide segment(vt), accumulation range (L1) and

impact strength (φ1) are sorted as follows: layer rock (α) > blocky rock (χ) > similar

granular rock (ϕ); (3) The blocky rock (χ) has the largest of accumulation range L1, but the

multilayer rock (α) has the largest of impact strength φ1. (4) The intensities within sliding

mass are sorted as follows: blocky rock (χ and δ) > multilayer rock (α and β) > granular

landslide (ϕ) > single layer rock (I). Intensities in the beginning of landslide deposit area are

(α, β and δ) >χ>I>ϕ; Intensities on the top edge of deposit area are α>δ>χ>β>I.

Keywords

Bedding rock landslide � Movement process � Physical experiment � Risk

Introduction

Bedding rock slopes can easily form giant landslides which

have high potential to risk and are difficult to control through

present technology. Studying kinematics parameters of bed-

ding rock landslide is of great significance to guide risk

mitigation and management. Numerical modelling and

physical experiment are often used to simulate the move-

ment of landslides. The main available numerical methods

of landslides movement simulation are DDA, DEM, DAN

and the FEM (Stead et al. 2006; Crosta et al. 2009; Hungr

and McDougall 2009). Physical experiments can be used to

study the landslide motion process directly and obtain main

parameters of risk assessment such as impact, run-out dis-

tance and velocity (Chen et al. 2010; Wu et al. 2011).

The run-out distance and intensity of landslide movement

is highly influenced by the geological conditions, especially

rock structure and topography of landslide (Margielewski

2006; McSaveney and Davies 2009; Manzella and Labiouse

2009). In order to assess the risk of the bedding rock landslide

motion, a physical experiment based on common geological

models is conducted to get kinematic parameters of landslide

process. Moreover, semi-quantitative parameters of risk
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assessment are proposed, considering different rock structures

of landslides.

Risk Theory of Landslide Movement

The UNESCO defined the landslide risk as follow (Leroi

1996; Lee and Jones 2004).

Risk ¼
X

H
X

VAð Þ
� �

ð1Þ

Where, H is the harzard of landslide; V is a number

between 0 and 1 that express the vulnerability of element in

the risk for a specific intensity landslide; A is the quantity or

economic value for elements. Among them, the hazard and

vulnerability analysis are two keys of the risk assessment.

The hazard H of landslide is a probability of landslide

appeared in certain period, which includes two probabilities

of space and time. On the process of landslide movement,

time probability is 1 and space probability can be calculated

by runout distance. The vulnerabilities of elements (life and

building) are related to landslide’s velocity, disintegration

and impact. Thus, the landslide risk is expressed by the

following equation.

Risk ¼
X

PH x; yð Þ
X

f V v;E;Dð ÞAð Þ ð2Þ

Where PH is probability of sliding mass to reach the posi-

tion (x,y); fV is the vulnerability of element, which is a function

of velocity v, impact energy E and disintegration mode D.

Space Probability PH
The process of landslide motion can be divided into three

zones, sliding mass (S0), main sliding zone (S1), accumula-

tion zone (S2). The space probability is the function as follow:

PH ¼ 1 x; yð Þ � S0 or S1ð Þ
P L;Wð Þ x; yð Þ � S2

�
ð3Þ

Where P is the probability of runout length L and widthW

in accumulation zone. If the position (x,y) is located in the

area of (L,W), the probability is 1 or else is 0.

Vulnerability of Element
Li et al. (2010) proposed the vulnerability model.

V ¼ f I;Rð Þ ¼

2
I2

R2

I

R
� 0:5

1:0� 2 R� Ið Þ2
R2

0:5 <
I

R
� 1:0

1:0
I

R
> 1:0

8
>>>>>>>>><

>>>>>>>>>:

ð4Þ

Where I is landslide intensity, R is resistance of element

to landslide. V is a value between 0 and 1.0.

The resistance to landslide is related to its own attribute,

such as building structure, basic types, human’s health, etc.
Landslide intensity I is closely related to the sliding process.

The intensity within sliding mass is mainly affected by slide

acceleration a and disintegration mode D. While, the inten-

sity outslide sliding mass (in the path of sliding) is related to

sliding mass thickness th, velocity v and impact E. The total
intensity I can be expressed by this equation.

I ¼ 1� 1� Iað Þ 1� IDð Þ x; yð Þ � S0
1� 1� Ithð Þ 1� Ivð Þ 1� IEð Þ x; yð Þ � S1 or S2ð Þ

�

ð5Þ

Where Ia, ID, Ith, Iv and IE are intensities of acceleration,

disintegration mode, thickness, velocity and impact. They

are related to the geological structure of bedding rock land-

slide. A phyiscal experiment is employed to analyse these

intensities parameters.

Physical Experiment

Geological Model of Rock Landslide

Geological model of landslides contains geological mechan-

ics model and geological structure model. In this study, the

physical experiment compliers with similar structural

model, but without considering the influence of groundwater

and other environments.

Geological model of bedding rock landslide is proposed by

considering three main factors, i.e. (1) slope dip and free face

of sliding, (2) rock structure of sliding mass, and (3) slip

surface (Cheng and Wang 2011; Qiao 2002). Common geo-

logical models of bedding rock landslide are shown in Table 1.

Experimental Design

The physical experiment considers the geological structure

similarity and physical parameters of sliding mass. The model

consisted of 2.4 m � 1.8 m tilting plane with an inclination

(α) between 10� and 45�, which could be regarded as the

slope of landslide. A fixed horizontal plane (3.0 m � 2.4 cm)

serve as the accumulation area of landslide (Fig. 1).

The tested material of sliding mass was made from

cement, sand, gravel and water, with a density of

2.10 g/cm3. Sliding masses were put into a box with the

size of 20 cm � 35 cm � 15 cm. Sliding masses consisted

of blocks with three sizes (19 cm � 32.5 cm � 3 cm; 6.5 cm

� 11.2 cm � 3 cm; 4.5 cm � 2.5 cm � 3 cm)to simulate

the rock structures of thick layer (platy), large block and

small block, respectively. Seven types of sliding mass
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Table 1 Geological model of common bedding rock landslide

Geological Model Slip surface Slope inclination and rock structure Deformation and motion

Similar granular

landside

Bottom of

weathered rock

Slope dip is less than 40�; Cataclastic structure of rock
formed through the process of tectonics or weathering

Slope failure begins at the bottom

and develops to top of slope with

slow velocity

Layer

rock

landslide

Gently

dip

Weak

interlayer,

bedding layer

and joint

Slope dip is 20�–40� and bedding dip is 15�–25�; Thick layer
(platy) structure of hard rock with soft underlay or layer rock

with soft and hard alternating sequence

Translation slide often occurred

along the weak interlayer with

slow velocity

Medium

dip

Slope dip is 30�–40� and bedding dip is 25�–35�; Platy,
layered or block structure of rock; Slip surface is weak

interlayers

Various failure modes with fast

velocity

Steep

dip

Slope and rock layers dips are >40�; Platy structure of rock;
Slip surface is bedding layer and Shear-out face

Slide with fast velocity

Blocky rock landslide Combined by

bedding and

joints

Slope dip is >30�; Blocky and thick layer structure of hard

rock; Slip surface is the bedding layer

Block slide with fast velocity

Fig. 1 Design of experimental device
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structures were tested in the experiment (see Table 2). The

smooth slip surface was simulated by the contact surface of

the sliding mass and transparent resin plate upon the planes.

The slip surface along weak interlayer was simulated by the

contact of sands and transparent plate.

Three small hammers hanged over the horizontal plane

were employed to measure landslide impact in different

positions through their swing angles. The slide distance (d)

was fixed on 1.7 m along the tilting plane. The movements of

sliding mass were captured by two cameras. Otherwise,

deposition features on horizontal plane were measured by

tape, including run-out distance, width and distribution of

blocks.

Data Collection Method

1. Initial velocity (v0) and final velocity(vt) along inclined

plane: The ‘Freevideo’ software made the movies (cam-

era at 33 fps) into pictures with time interval of 0.03 s.

The mass’s movement within 0.06 s was taken as a

uniformly accelerated linear motion. Velocities between

v0 and vt were calculated by principle of dot timer.

2. The position parameters of deposition: The parameters for

whole deposition area, front edge (L1), back edge (L2),
length (L) and width (W); and for main deposition area,

front (l1), back edge (l2), length (l), width (w), maximum

thickness (th), were measured by the graph paper and

steel tape.

3. Landslide impact: was measured with heavy hammer

swing angle.

Results

Experimental results are listed in Table 3. The initial velo-

cities were the velocity of the sliding mass getting away from

the box; the final velocities were the velocity at the toe of the

inclined plane. Landslide deposition was shown in Fig. 3, and

the distances were measured from the horizontal section.

Discussions

Landslide Movement of the Different Rock
Structures

1. For same dip slope and initial velocity, the final velocities

are ranked as follow: layer rock (II) > blocky rock (IV)

> granular rock (VI), and the slide range (L1) and impact

(ϕ1) have same rank as the final velocity (Fig. 2).

Layer rock slides along slope with little fracture,

energy dissipation mainly happen to slip surface for

dynamic friction. Blocky rocks move along slope with

Table 2 Slide body structure and character

No. Slide body structure Sketch map Slide body characteristics

I Single layer Joints and cleavages are small number, sliding mass is less thickness than 10 m

which is composed of intact platy or layer rock

II Multilayer Joints and cleavages are small number, sliding mass is 15 m to 30 m thickness and is

composed of thick layer rock, e. g. limestone or sandstone

III Multilayer rock with

weak interlayer

Sliding mass is 15 m to 20 m thickness and is composed of intact platy or layer rock.

Moreover, the slip surface is a thick weak interlayer

IV Blocky Sliding mass is 15 m to 30 m thickness and is composed of blocky rock that is from

layer hard rock developing orthogonal joints

V Blocky with

discontinuous joints

Sliding mass is blocky rock with discontinuous joints and rock bridge

VI Granular rock Sliding mass is composed of cataclastic rock and granular rock in tectonic fracture

zone
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Table 3 Experimental date table

No.

Slope dip

(�)
Sliding mass

structure ν0 (m/s) νt (m/s)

L1
(cm)

L
(cm)

W
(cm)

l1
(cm)

l
(cm) w (cm)

th
(cm)

ϕ1/ϕ2/

ϕ2 (
�)

1 26 I 1 2.4 59 59 49 40 30 / 3 10/0/0

2 26 I 2.2 2.7 81 87 27 46 31 / 3 32/0/0

3 26 I 3.7 4.3 64 71 77 50 31 43 3 21/0/0

4 26 II 1.8 3.2 105 105 64 71 50 43 9 13/0/0

5 26 II 2.2 3.7 110 110 72 83 55 49 9 20/0/0

6 26 II 3.7 4 154 154 90 125 68 64 9 33/20/0

7 26 III 3.7 3.9 85 85 55 60 60 55 6.5 33/18/0

8 26 IV 1.8 3 100 79 67 83 58 37 9 40/10/0

9 26 IV 2.2 3.8 117 91 55 104 78 43 9 32/0/0

10 26 IV 3.7 4.1 104 80 55 89 65 29 6 30/10/0

11 26 VI 2.2 2.1 63 69 62 63 69 62 3 29/8/0

12 32 I 1.8 3 113 113 51 86 23 / 3 29/7/0

13 32 I 2.2 3.1 159 80 65 156 48 / 3 26/10/0

14 32 I 3.7 3.9 166 166 68 146 57 / 3 15/12/0

15 32 II 1.8 3.8 137 137 52 77 49 / 9 48/12/0

16 32 II 2.2 4 156 156 132 119 89 / 9 18/8/0

17 32 II 3.7 4.2 158 158 98 112 59 / 6 37/30/0

18 32 III 2.2 3.3 97 103 59 63 43 / 3.2 26/16/0

19 32 III 3.7 4.1 149 149 67 149 122 / 3.5 37/12/7

20 32 IV 1.8 3.2 100 61 54 86 47 42 6 17/9/5

21 32 IV 3.7 4 141 118 71 95 72 59 6 31/11/3

22 32 VI 1.8 1.8 80 85 59 68 68 2.4 9/0/0

23 32 VI 2.2 2.3 104 115 72 / / / / 7/0/0

24 40 II 1.8 3.5 115 105 27 110 31 / 7 55/40/11

25 40 II 2.2 3.8 136 136 54 79 45 54 / 60/38/0

26 40 IV 1.8 2.8 198 188 177 99 81 83 4.6 32/25/0

27 40 IV 2.2 3.2 265 247 156 96 78 94 5.6 38/16/0

28 40 V 1.7 3.8 141 146 64 117 95 48 5 40/25/0

29 40 V 2.2 4 175 207 45 143 96 45 6 43/21/5

Fig. 2 Comparison of movement

parameter in different structure

sliding body model
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sliding and dispersing, and energy dissipates by slip sur-

face friction and blocks collision. Granular landslide

disperses continuously when it slid along slope, so the

energy dissipation is mainly from slip surface friction and

mass inside which would increase with extending area.

Manzella and Labiouse (2009) proposed that friction and

rock collision result in energy loss during landslide move-

ment. High-speed landslide must have a whole sliding.

Speed of landslide would slow down when sliding mass

were breaking up.

2. For layer rock, final velocity are sorted as follows: multi-

layer rock (II)>multilayer rock with weak interlayer (III)

>single layer rock (I). In general, acceleration and final

velocity of landslide is greater with increasing number of

layers and layer’s thickness. In this experiment, the weak

interlayer extends in sliding process and increases fric-

tional energy dissipation, which cause its velocity to be

slower than the multilayer rock. Otherwise, the landslide

of I and II break partly, so their areas of accumulation are

greater than III.

3. Compared with Multilayer (II), blocky (IV) and blocky

rock with discontinuous joints (V), they have an obvious

acceleration in sliding process. Their final velocity of

along slope is V > II > IV. McSaveney and Davies

(2009) proposed that the elastic energy of slip mass almost

transform into kinetic energy, there is no crushing grain

contact surface energy consumption. Therefore, the rock

mass of δ showed high velocity. In the steep slope, the

maximum accumulation area is χ, but with the minimum

impact. The impact force of α is the largest, followed by

rock mass δ.
4. According to the relationship between velocity and dis-

tance along inclined slope, the volatility variation of

blocky rock (V) is more obvious than layer rock (II and

III). Blocky rock is easy to collide and disintegrate, which

can change the instantaneous volatility of sliding (Fig. 3).

Risk Parameters in Bedding Rock Landslide
Motion

The intensities paramenters Ii is proposed based on experi-

ment data. Because no real building and human is applied in

the experiment, the Ii is given by a relative value as below

Iij ¼ Xij

max Xið Þ ð6Þ

Where Iij is the relative intensities of landslide with rock

structure j and the index i; Xij is the kinematics parameters of

landslide j with index i; max(Xi) is the maximum of index i.

1. Acceleration index Ia in sliding mass S0: Ratio of (vt�v0)/

v0 is a value between 0 and 1.1 according to relationship

curve of velocity and distance(Fig. 3). The acceleration

index Ia is positively correlated with the ratio. Figure 3

shows diffrent variation degrees with VII < II < IV.

Acceleration indices are determined by the ratio multipling

diffrent coefficients, 1.0, 1.1 and 1.2.

2. Disintegration index ID in sliding mass S0: It is suggested

by the equation, ID ¼ L � W/Sb + 2� L � W/Sb, where

Sb is the area of the horizontal plane.

3. Thickness index Ith in the zone of S2: It is the maximum

thickness th of accumulation.

4. Velocity index Iv in the zone of S2: It is calculated assuming

the mass have a deceleration process with negative exponent.

5. Impact energy index IE in the zone of S2: It is determined

by the maximum hammer swing angle.

We analysed the risk assessment parameters through

Eqs. (3), (5) and (6). Risk parameters in bedding rock land-

slide motion are shown Table 4.

Among all bedding rock landslides, the intensities in

the slide body ranks as blocky rock (IVandV) > multilayer

rock (IIand III) > granular rock landslide (VI) > single rock

(I). But, the intensities in accumulation zone is different.

At the one time zones of the initial length Ls of sliding mass,

intensities are (II,IIIandV) > IV > I > VI. At the 2Ls

and 3Ls of accumulation zone, the intensities

showII > V > IV > III > I > VI.

Fig. 3 Relationship of Velocity (V)—Slip distance (D) of active slide
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Conclusion

For bedding rock landslide, the geological structure is

very important to its’motion and intensity. It is necessary

to consider topography, rock structure and slip surface in

common geological model for risk assessment.

By building the model, risk can be analyzed by

suggested parameters of intensity. Moreover, it is neces-

sary to get abundant risk samples to transform the relative

paramenters into absolute values in special region.
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Calculation of Permeability of Clay Mineral in Natural
Slope by Using Numerical Analysis

Junghae Choi, Byung-gon Chae, Katsuyuki Kawamura, and Yasuaki
Ichikawa

Abstract

A natural landslide is mainly occurred by rainfall, snowmelt, earthquakes and construction

works. Especially, the role of rainfall or snowmelt in slope stability is very important

because it causes a decrease in shear strength by reducing the soil cohesion. If clay exists in

the weathered soil, the physical characteristics such as viscosity and permeability are

generally different from the condition without the clay. In this case, changes of permeabil-

ity or viscosity due to the rainfall or snowmelt are dependent on the content of clay in soil.

In order to calculate the variation in permeability according to the content of clay in soil,

many researchers have conducted laboratory experiments or in-situ tests in the field.

However, it is difficult to determine the property of the clay such as a viscosity because

of its poor crystalline property. In order to solve this problem and to calculate permeability

of clay under various dry densities, we used molecular dynamic (MD) simulation to

examine the viscosity of micro scale and homogenization analysis (HA) method to expand

micro material property to macro scale. In this research, we determined the permeability of

clay with various dry densities due to the rainfall or snowmelt conditions by using MD/HA

method.

Keywords

Molecular dynamics � Homogenization analysis � Viscosity � Permeability � Clay

Molecular Structure of Kaolinite

Radioactive waste disposal facilities have been planned in

formations containing kaolinite, for example in the Opalinus

Clay of Switzerland, because of their low permeability and

resultant diffusion-dominant characteristics. For safely

isolating radioactive substances for a long time, it is essential

to fully understand the physical and chemical properties of

the host rock. For this purpose, authors here present a unified

procedure of molecular dynamics (MD) simulation and

homogenization analysis (HA) for water-saturated kaolinite

clay. This MD/HA procedure was originally developed for

analyzing seepage, diffusion and consolidation phenomena

of bentonite clay. In the current research, a series of MD

calculations were performed for kaolinite and kaolinite-

water systems, appropriate to a saturated deep geological

setting. Then, by using HA, the seepage behavior is deter-

mined for conditions of the spatial distribution of the water

viscosity associated with some configuration of clay

minerals. The seepage behavior is calculated for different

void ratios and dry densities.

Kaolinite is a 1:1 clay mineral; composed of alternating

silica tetrahedral and aluminum octahedral sheets. To

achieve charge balance, the apical oxygens of the silica

tetrahedra are incorporated into the octahedral sheet. In the

plane of atoms common to both sheets, two-thirds of the
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atoms are oxygens and are shared by both silicon and the

octahedral aluminum cations. The remaining atoms in this

plane comprise hydroxyl molecules (OH), located in such a

way that each sheet is directly below the base of a silica

tetrahedron. A diagrammatic sketch of the kaolinite structure

is shown in Fig. 1. The structural formula is Si4Al4O10

(OH)8, and the charge distribution is indicated in Fig. 2.

Mineral particles of the kaolinite subgroup consist of these

basic units, stacked in the c-direction. The bonding between

successive layers is by both van der Waals forces and hydro-

gen bonds. The extensive hydrogen bonding, in particular, is

sufficiently strong that there is no interlayer swelling.

Because of a slight difference of oxygen-to-oxygen distance

in the tetrahedral and octahedral layers there is some distor-

tion of the ideal tetrahedral network. As a result, kaolinite is

triclinic instead of monoclinic.

Homogenization Analysis for the Seepage

Seepage Problem by HA

A two-scale HA is introduced for a macro-domain Ω0 using

the coordinate system x0 and a micro-domain Ω1 using the

coordinate system x1. Both coordinates are related as x ¼
x0/ε by the scale factor ε.

To represent incompressible flow, the following Stokes

equation is introduced:

ρ
∂V ε

i

∂t
þ V ε

j

∂V ε
i

∂xj

� �
¼ �∂Pε

∂xi
þ ∂
∂xj

η
∂V ε

i

∂xj

� �
þ f i in Ωf ð1Þ

∂V ε
i

∂xi
¼ 0 in Ωf ð2Þ

where ρ is the density of water, Vε is the water velocity in the

fluid domainΩf, Pε is the pressure, fi is the body force, and η
is the water viscosity. Note that we consider a steady state,

and hence the convective term Vj∂Vi/∂xj of the left-hand

side (LHS) of (1) vanishes in the perturbation procedure, and

we can ignore the LHS terms from the beginning. The

superscript ε implies a variable which varies rapidly in the

microscale domain. The viscosity distribution calculated by

MD is shown in Fig. 3 for an isolated kaolinite layer.

Fig. 1 Diagrammatic sketch of the structure of kaolinite
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Fig. 2 Charge distribution in kaolinite

Fig. 3 Diffusivity and viscosity of water in the neighbourhood of a
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Naturally the velocity vanishes on the fluid-solid interface Γ:

V ε
i ¼ 0 on Γ ð3Þ

Now we introduce ‘two-scale domains‘for homogeniza-

tion analysis (Fig. 4); that is, the macro-domain Ω0 and

micro-domain Ω1. Coordinate systems that were set x0 in

Ω0 and x1 in Ω1 which are related by

x1 ¼ x0

ε
ð4Þ

Since the two-scale coordinates are employed, the differ-

entiation is changed to

∂
∂xi

¼ ∂

∂x0i
þ 1

ε

∂

∂x1i
ð5Þ

By using the parameter ε we introduce the following

perturbations:

V ε
i xð Þ ¼ ε2V0

i

�
x0, x1

�þ ε3V1
i

�
x0, x1

�þ . . .
Pε xð Þ ¼ P0

�
x0, x1

�þ εP1
�
x0, x1

�þ . . .
ð6Þ

The perturbed terms of the right-hand sides (RHS) of (6)

are assumed to be periodic:

V α
i x0; x1ð Þ ¼ V α

i

�
x0, x1 þ X1

�
Pα x0; x1ð Þ ¼ Pα

�
x0, x1 þ X1

� ð7Þ

where X1 is the size of a microscale unit cell.

Equations (5) and (6) were substituted into (1) and (2) to

get a set of perturbation equations. Due to the ε�1-term

resulting from (1) we understand that p0 is a function of

only the macro-coordinates x0. The ε0-term resulted from (1)

is given by

�∂P1

∂x1
i

þ ∂
∂x1

j

η
∂V0

i

∂x1
j

 !
¼ ∂P0

∂x0
i

� f i ð8Þ

The body force f usually works in the macro-domain Ω0

( f ¼ f(x0)), and the RHS terms of (8) are functions only of

x0. Thus we can introduce the separation of variables into

p1(x0, x1) and V0(x, x1) as

V0
i x0; x1ð Þ ¼ � ∂P0 x0ð Þ

∂x0j
� f j x

0
� �������

������v ji �x1�
P1 x0; x1ð Þ ¼ � ∂P0 x0ð Þ

∂x0j
� f j x

0
� �������

������p j
�
x1
� ð9Þ

These are substituted into (8), and we get the following

microscale incompressible Stokes’ equations:

�∂Pk

∂x1
i

þ ∂
∂x1

j

η
∂vki
∂x1

j

0@ 1Aþ δik ¼ 0 in Ω1f

∂vki
∂x1

j

¼ 0 in Ω1f

ð10Þ

where v(x1) and pk(x1) are characteristic functions for veloc-
ity and pressure, respectively (δik is Kronecker’s delta). By
solving (10) under periodic conditions the characteristic

functions, which reflect a complex geometry of the micro-

scale domain, were obtained. Let us operate an integral

average of (9) in the micro-domain, producing Darcy’s law
as,

eV0
i x0ð Þ ¼ V0

i x0; x1ð Þ� � ¼ �Kji
∂P0 x0ð Þ
∂x0j

� f j x
0

� �������
������

Kij � V i
j x1ð Þ

D E
¼ 1

Ω1j j
Z
Ω1 f

V i
j x1
� �

dx1
ð11Þ

where |Ω1| is the volume of the micro-domain Ω1 and

represents an averaging operation in the micro-domain. We

call Ki j the HA-permeability.

Equation (8) gives a mass conservation relationship

between the micro-domain and the macro-domain. When

averaging this in the micro-domain, the second term of

LHS vanishes due to the periodicity; then substituting

Darcy’s law (9) yields the macroscale incompressible

permeability equation:

∂eV0
i

∂x0i
¼ 0 ) � ∂

∂x0i
�Kji

∂P0 x0ð Þ
∂x0j

� f j x
0

� �( )" #
¼ 0 ð12Þ

The water velocity and pressure are approximated as

V ε
i x0
� � ’ ε2V0

i xo; x1
� �

, Pε xoð Þ ’ P0 xoð Þ ð13Þ

It should be remembered that, in HA, the distribution of

velocity and pressure are calculated in the micro-domain.

The procedure to solve the total HA-seepage problem is

Macroscale Problem
with periodic micro–structure Microscale Problem

Ω0: macro–domain

Ω1ƒ  : fluid phase

Ω1: micro–domain

Ω1s

Ω1s
Ω1ƒ

Ω1s  : solid phase

⁄ε

Χ0
2=εΧ1

2

Χ0
1=εΧ1

1

Χ1
2

Χ1
1

x0
1

x0
2

x1
2

x1=x0

x1
1

Fig. 4 Two-scale domains for homogenization analysis
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summarized as follows: first, we solve micro-scale equation

(10) and get Vk
i and Pk, then determine Darcy’s coefficient

Kij from (11). Next by solving macro-scale equation (12), we

get the macro-pressure and velocity fields. In classical

geomechanics, Darcy’s law is written as

V̂ �
i ¼ �K�

ij

∂ϕ

∂x0j
, ϕ ¼ p

ρg
þ ξ ð14Þ

Where ϕ is the total head, p/ρg is the pressure head, ξ is
the elevation head, and g is the gravity constant. K�

ij is called

C-permeability and is defined as

K�
ij ¼ ε2ρgKij ð15Þ

Conclusions

Macroscale and microscale models of the kaolinite-water

permeability system analyzed here are shown in Fig. 7.

The number of mineral layers in one stack is assumed to

be eight. It is known that one layer is connected to others

by hydrogen bond, and the separation distance is calcu-

lated as 0.8 nm by the MD simulation. The density of

solid part of the mineral is also calculated by MD as

2.56 g/cm3. A distribution of viscosity calculated by

MD is shown in Fig. 3. The distance between two stacks

is determined by the overall dry density of clay. We

assume that the kaolinite stacks are randomly distributed;

then the averaged permeability K* is estimated as

K* ¼ K11*/3. The relationships between the C-

permeability (K*), the void ratio (e) and the dry density

(ρd) are plotted in Figs. 5 and 6. These relations can curve
fit as

logK� ¼ 1� 10�9ρ�6:709
d

logK� ¼ 3� 10�10e2:775
ð16Þ

where the unit of K* is in m/s.

In this paper, a unified MD/HA method for analyzing

the seepage problem in kaolinite was presented. The

results obtained by this method are similar to the experi-

mental data, which supports the validity of the method

(Fig. 7).
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Study on the Microscopic Structure Characteristics
of the Gray Matter Slate

Maolin Deng, Qiang Xu, Xing Zhu, Guojun Cai, and Guang Zheng

Abstract

The changes of the stress state and strength of the slip zone in a landslide are determined by

the material composition, micro-structural feature, and formation mechanism of the slip

zone. It affects the activities of the landslide. In this paper, the mineral composition of the

slip zone, which is composed of soft rock of the gray matter slate, is identified by DMAX-

3C X-ray diffractometer, polarizing microscope, and scanning electron microscope (SEM).

Results show that the content of calcite reaches up to 68 %. There are no changes in the

slickensides composition of the sliding surface material. The microscopic structure has

been analyzed by different experiments. The results show that the weak zone is composed

of the banded calcareous tuffaceous slate, and its structure is characterized by gray black

striped fine grains, heterogranular and irregular, and cryptocrystal texture. There is clay on

these surfaces, and can be cut into pieces, so it is easy to track and accommodate the shear

failure surfaces.

Keywords

The gray matter slate � The slip zone soft rock � Microscopic structure � Mineral

composition

Introduction

The tilted mountain constructed with thick limestone is

widely distributed in the limestone territory of the south-

western China, including cities of Chongqing, Hubei,

Guizhou, Yunnan and Sichuan. Most of the landslides

occurred in those mountains caused large number of

casualties and great loss of property. Liu et al. (1995),

researched the dangerous rock mass whose weak zone was

carbonaceous shale and mudstone took place in Lianzi cliff

of Zigui county, Hubei province in 1964. Man (1991) stud-

ied the Zhongyang landslide that occurred on January 10,

1988, in Wuxi, Chongqing. The landslide volume was

7.65 � 106 m3 and weak zone was on coal. The landslides

caused the death of 26. The Jiguanling landslide is located in

Wulong, Chongqing. Volume of landslide was 4.24 million

m3 and weak zone was located on shale. This landslide

blocked the Yangtze River. Huang (2008) mentioned that
the Yankou landslide, located in Yinjiang, Guizhou, killed

five people and caused economic losses of 150 million Yuan.

The slip zone was made of a thin layer of shale. Xu et al.

(2009, 2010) described that the Jiweishan landslide, located

in Wulong, Chongqing, produced a volume of 5 million m3

and killed 74 people.

Liu et al. (2004) argued that the type, material composition,

microstructural features, formation mechanism etc. of the slip

zone determine the changes in its stress state and strength,

which would affect the activities of a landslide. So, the research

on the slip zone provides an in-depth knowledge pertinent

to the development of landslide. The study on the mechanism

of slip zone clay cracks presented were similar to the
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research of slip soil performed by Wang (2006). Li (2007)

made in-depth studies on the formation, evolution process and

mode of slip zone of the large bedrock bedding landslide. Gibo

(2002) and others performed systematic and in-depth research

about the strength properties of sliding zone soil. After the

Jiweishan landslide in Wulong and Deng (2012), Feng et al.

(2012a, b), Liu (2010), Xu et al. (2009, 2010), Yin (2010,

2011), Zhang et al. (2010), Zou et al. (2012) have rushed to

the scene, carried out a detailed geological disaster research

work and obtained a wealth of research information. Liu

(2010), Xu et al. (2010), Yin (2010, 2011) made in-depth

study on the formation mechanism of the landslide, and

Zhang et al. (2010) analyzed the high-speed remote motion

characteristics of the landslide. However, Deng et al. (2009)

studied the microscopic structure of soft rock located in the slip

zone, which is rare. In recent years, with the improvement of

science and technology, the equipment in rock mechanics and

the test technique have been greatly advanced, so the

achievements in this regard are also increasingly high.

The research about the microscopic structure of soft rock

of slip zone is of great significance to the disaster prevention

and mitigation of geological disasters in the thick limestone

regions of the southwestern China, where the mining, river,

road and cities have been or are planned to be constructed. In

the present paper, on the basis of the field macro geological

survey of the Jiweishan landslide, the mineral composition,

microscopic structure of soft rock of slip zone were studied

by using DMAX-3C diffractometer (light filtering by CuKa,

Ni), polarizing microscope, scanning electron microscope

(SEM), and some valuable conclusions have been drawn.

Overview of the Jiweishan Landslide

At 3 pm on June 5, 2009, a tremendous landslide occurred at

the Jiweishan in Tiekuang Township, Wulong County,

Chongqing City. The thick limestone slipped down along a

low angle dip inter-bedded shale plane from 1,300 m cliffs

(the height difference of about 200 m). Blocked by the

opposite steep creek wall, the sliding rock mass changed

its direction and travelled further along the 22,000 m along

Tiejiang ditch (Fig. 1). The landslide body was mainly

constituted by the Permian off-white thick-bedded micritic

limestone, dark gray medium to thick bedded asphaltene-

containing limestone, argillaceous limestone and limy-slate

mezzanine etc. The area was about 84,000 m2, and its

volume was about 5 � 106 m3.

The slip zone generally developed along the rock strata,

with the occurrence of 30 ~ 355�∠22 ~ 30�. There are a

large number of scratches on the slip surface along the

sliding direction and a large number of white slickensides

were developed on the slip surface, as can be seen in Fig. 2.

The Jiweishan landslide with a dual structure in Wulong is a

typical landslide located in tilted thick limestone territory.

The soft rock of slip zone is the gray matter slate of

5 ~ 20 cm thickness. Under the combined effect of long-

term mining activity in the lower part of the landslide and

blocked sliding in the leading edge, the slope slowly

creeped. This status has lasted for half a century, and there-

fore the structure of the soft rock of slip zone changed. The

field landslide survey results show that microscopic structure

of soft rock of slip zone plays an important role in

accelerating the creep and eventually rapid starting of the

landslide.

Test Equipment and Samples Preparation

The mineral composition is analyzed by the DMAX-3C

diffractometer (light filtering by CuKa, Ni). Samples used

in the micro tests of the rock were prepared according to the

standard of the polarizing microscope and scanning electron

microscope (SEM) powdered sample preparation. The pow-

dered samples were then tested according to the polarizing

microscope and scanning electron microscope (SEM)

standards. To observe its microscopic characteristics, the

micro testing of the sample was done with the polarizing

microscope (OLYMPUS CX21P) and scanning electron

microscope (SEM) S-3000 N/H manufactured by Hitachi.

The test program was conducted in College of Materials

Fig. 1 Image of the Jiweishan landslide

Fig. 2 Destruction of the samples and the observed slickensides
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and Chemistry Engineering and State Key Laboratory of

Geohazard Prevention and Geoenvironment Protection,

Chengdu University of Technology.

Mineral Compositions

The mineral composition of the soft rock sample is analyzed

by the DMAX-3C diffractometer (light filtering by CuKa,

Ni). X-ray diffraction pattern is shown in Fig. 3. The identi-

fication result of the mineral compositions shows that the

content of calcite reaches up to 68 %, whereas the proportion

of the organic matter was 13 %, talcum was 9 %, montmo-

rillonite was 5 %, quartz was 4 % and dolomite was 1 %

(Fig. 4). With water dissolution and transportation, the cal-

cite permeated and then stagnated in the striped calcareous

gray matter slate. The high organic matter content reduces

the compressive strength and shear strength of the layer of

striped calcareous gray matter slate. The talcum is soft,

delicate and smooth. It provides the conditions for the long

creeping and rapid movement of the landslide after its initi-

ation. There is a layer of slickensides covering the sliding

surface, observed during the field investigation of soft rock

of slip zone and shearing specimens. No changes were

observed in the slickensides composition when they were

analyzed by the DMAX-3C diffractometer (The red is X-ray

diffraction of the slip zone slickensides, the light blue is

X-ray diffraction of the slip zone soft rock) (Fig. 4).

Microstructure Features

The test results of the polarizing microscope structure show

that the lithology of the weak zone is the striped calcareous

gray matter slate, the structure is granular and aphanitic

structure is gray-black inclusion off-white stripe fine-

grained irregular inequi-granular. The slaty cleavage of the

rock in weak zone is more significantly developed. The main

rock components are off-white fine-grained carbonate and

black carbonaceous mudstone.

The rock body is the dust-color inclusion of white stripes

fine-grained lepidoblastic texture and a semi-directed bands-

striped structure. The main rock components are carbonate, a

lot of scaly calcite and a little fine-grained quartz, mainly

calcite. The microstructure shows scaly aggregates often

form in irregular pellet-group porphyritic. There is a little

fine-grained irregular granular quartz between the particles,

and sometimes there is fine-grained irregular granular or

pellet carbonate, which is interpenetration symbiosis

(Figs. 5 and 6).

Due to the effect of small granularity and impurities, the

interference color tends to be less distinctive. The structural

impact may lead to the slaty cleavage development along the

bands or the edge of the group porphyritic. The organic gray

matter is recrystallized and has formed the black aphanitic

carbonaceous (Aphanitic graphite), and it can make hands

dirty. The quartz disorderly intersperses between the calcite

intergranular particles, and its distribution is ordinary, but its

content is less. The slice is colorless. The interference color

is gray, and it has much more developed wavy extinction.

The quartz-carbonate veins in the rock is well developed. It

macroly shows white zone and synchronous folding with the

surrounding rock. Its locals contain black surrounding rock

xenoliths, which are mainly constituted by band aggregates

consisting of medium-grained irregular granular carbonate,

and sometimes containing a relatively small amount

of medium-grained irregular granular quartz, which are

interpenetration symbiosis. The locals cut through the

surrounding rock structure, but they are not affected by

metamorphism structures. It may indicate that the formation

of carbonate veins is mainly through the same structural

development (Fig. 6). The structure and mineral composition

of the gray matter slate are more complex. They experienced

multi-phase deformation and metamorphic processes.

On the basis of the field macro geological survey of the

Jiweishan landslide, the typical samples from 10 landslide

sliding surfaces are tested by the scanning electron micro-

scope (SEM). The samples at natural state and samples with

10-day water saturation were analyzed, and then the micro-

structure features of the landslide sliding surface were

obtained. The lithology of the test’s sliding surfaces is gray

matter slate, dried naturally and plated, when the samples

were observed by SEM. There are a large number of linear

scratches, micropore, microfissure and the clay mineral

directional arrangement (Figs. 7 and 8).

Under the rainfall condition, the situation where the water

flowed into the interiors of the slip zone were simulated, and

then the saturated-water tests were done. Five samples which

were immersed in distilled water for 10 days were selected.

They were soaked and then dried, and the microstructure

were then examined by the SEM. The result shows that the

micro-cracks expand, the porosity increases significantly,

and new micro-cracks occur (Figs. 9 and 10). The water

calcite

organic matter

talc

montmorillonite

quartz

dolomite

Fig. 3 Proportions of various minerals in the sliding zone materials
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can lead to new micro-cracks of the soft zone, which become

the main sources of continuous sliding cracks. The test

results of the microstructure show that the structure and

mineral composition of the gray matter slate are more com-

plex. They have experienced multi-phase deformation and

metamorphic processes. Some microscopic structures above

the weak zone play an important role in the slow chain-

styled catastrophe processes after the fast development, dur-

ing which several stages have been experienced: the forma-

tion of landslide boundary in a long period ! creeping

along the weak surface ! stress concentration and then

shear collapse ! disintegration impact ! catastrophic fail-

ure occurrence. All these stages also coincide with the basic

characteristics of the landslide movement.

Conclusion

The typical material composition, microstructural features,

formation mechanism etc. of the landslide weak zone

determine the changes in its stress state and strength, and

these changes would affect the activities of a landslide.

On the basis of the field geological survey of Jiweishan

landslide (especially the slip zone), the slip zone

characteristics of the Jiweishan landslide obtained much

more detailed research through a series of laboratory tests.

1. The content of calcite reaches up to 68 %, whereas the

organic matter about 13 %, talcum about 9 %, montmo-

rillonite 5 %, quartz 4 % and dolomite 1 %. With water

dissolution and transportation, the calcite permeated,

and then stagnated in the striped calcareous gray matter

slate. The high organic matter content reduces the

compressive strength and shear strength of the layer of

striped calcareous gray matter slate. The talcum is soft,

delicate and smooth. There is a layer of slickensides

covering the sliding surface in the investigation scene

of the slip zone soft rock and shearing specimens. There

are no changes in the slickensides composition when it

is analyzed by the DMAX-3C diffractometer.

2. There are a variety of irregular granular or pellet

minerals, and they are interpenetration symbiosis. The

main rock components are off-white fine-grained

carbonate and black carbonaceous mudstone. The

former rock will produce bubbles when it meets cold

HCl. The latter rock is soft and flexible, and it is mainly

composed bymud, and it canmake hands dirty. It hardly

forms bubbles when it meets acid. Results before and

after water saturation of the weak zone show that there

are a large number of linear scratches,micropore,micro-

fissure, and the clay mineral demonstrates directional

arrangement in the natural dried samples in the scanning

electron microscope. Besides, some micro-cracks and

expansions occur in the fully water-saturated samples

from the slip surfaces, the porosity increases signifi-

cantly, and new micro-cracks emerge. These micro-

cracks become the main sources of continuous sliding

cracks. Some microscopic structures above the weak

zone play an important role in the slow chain-styled

catastrophe processes after the fast development.
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Effect of Vertical Load on Shear Characteristics
of Micro-Piles in Landslide

ShuFeng Wang and YuePing Yin

Abstract

In recent years, micro-pile has been widely applied to landslide treatment engineering due

to its advantages in application and construction. Its engineering effect is quite evident. At

present, some researchers focus on studying the effects and failure mode of micro-pile in

landslide reinforcement. However, only few of them discussed how the pile works with

shearing force and vertical load. By numerical simulations, a part of which were compared

with the results from large-scale physical model tests, effects of vertical load on shear

characteristics of micro-piles in landslide were analyzed. Each row of piles simultaneously

sheared with vertical loads, which played an active role in increasing anti-sliding force.

According to the analysis, the four rows of piles, installed close to trailing edge, were

mainly affected by compression, comparing to the rows installed in front, which are

affected with tension.

Keywords

Micro-pile � Vertical load � Physical model test � Numerical simulation � Shearing force

Background

Installation of micro-piles to improve stability of slopes has

been highly effective in recent decades, and it is widely used

in landslide remediation projects because of its advantages,

such as requiring small equipment, adaptability to various

soils, low noise, minimal disturbance on slope during con-

struction, flexible forms to pile location, etc.

At present, many researches in the world have been

studying the shearing characteristics of micro-piles.

Thompson (2004) and Su (2010) used of the shearing box

model to study the mechanism of micro-piles under lateral

load. Sun et al. (2010), Xiao (2008) and Andrew (2006)

conducted model tests to investigate sliding mechanism of

the micro-piles in landslide. Yan (2010) and Wang et al.

(2010) also made large-scale model tests to study failure

mode and sliding mechanism of the micro-piles in landslide.

These authors focused on stress situation, failure mode

and the sliding mechanism of micro-piles, rather than the

relationship between shear properties and the vertical load.

Impact of vertical load on shear properties for micro-pile

was discussed based on results from numerical simulations,

and parts of the results were compared with results obtained

from large-scale physical model tests.

Numerical Simulation Model

Numerical simulation model test adopted geometric similar-

ity ratio Cg ¼ 3, elastic modulus ratio CE ¼ 1 as basic

similarity ratio, and listed similar criterion equation as of π
type according to the similarity principle. Accordingly, the

physical quantities were calculated as follows: Cq ¼ 3,
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Cp ¼ 9, Cσ ¼ 1, Cε ¼ 1, CAc ¼ 9, CAs ¼ 9, Cσs ¼ 1. Here,

the subscripts q is the linear load, p is the force the piles are

subjected to, σ is the stress, ε is the strain in the pile, AC is

the cross-sectional area, AS is the reinforcement cross-

sectional area of the piles, and σs is stress in the soil

(Yan 2010).

Numerical Model Design

Numerical model was assumed to be homogeneous body

with weak surface between the slide and the slide bed as

slip surface.

The piles were 4 m in length and 60 mm in diameter,

corresponding to prototype pile with length of 12 m and

diameter of 180 mm, respectively.

The piles were circular in shape and laid as quincunx by

5, 4, 5, 4, 5 (sign row A, B, C, D, E) pattern along the pile

load transfer direction with coupling rigid beam connection

on the top. The strength of pile was at the grade of C25.

Multi-stage loading approach was utilized with the

corresponding pressure value of 8, 16, 24, 32, 40, and

48 kPa. The size of the test model and the chosen monitoring

pile are shown in Fig. 1. Likewise, the model for numerical

simulation is shown in Fig. 2. Monitoring nodes are shown in

Fig. 3. Physical and mechanical parameters are: loess

friction angle ϕ ¼ 11.7�, cohesion c ¼ 24.6 kPa, density

d ¼ 1,400 kg/m3; sliding surface friction angle ϕ ¼ 15�,
cohesion c ¼ 3.5 kPa.

Results and Analyses

Shearing forces at each stage of pile A1 from numerical

simulation are shown in Fig. 4. Comparisons of this result

with that of the monitoring piles with vertical load are

presented in Figs. 5, 6, 7, and 8.
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pressure cell

Micropile

slip direction

A1 A2
A3

B1 B2

C1
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E2 E3

b

Fig. 1 Model for test and numerical simulation and the serial number

of piles. (a) Model size, (b) Serial number of piles

Fig. 2 Model for numerical simulation

Fig. 3 Schematic diagram of monitoring nodes
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As can be observed in Fig. 4, with no vertical loads on top

of piles, we can see that the form of shearing force

distributed along the pile is like a shape of “M”, turned
perpendicular on left; each shear curve has three peaks,

and the peak near the slip surface is in the same direction

as in the sliding mass, comparing with the ones close to the

top and bottom of the micro-pile in the opposite direction.

Shearing curves on and under the slip surface are approxi-

mately symmetrical about the surface. The maximum value

of shearing force is located near the sliding surface, which

moves closer to the top of pile with an increase in loading on

the slope surface, reaching close to 2–3 cm. Likewise, the

two peaks close to top and bottom move slightly to the tips of

the micro-pile with the maximum distance of 50 cm. Shear-

ing force of each row of piles decreases in turn along the

direction of load transfer.
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Shearing force distributed in rows A and B. (b) Shearing force
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As can be observe in Figs. 5, 6, 7, and 8, vertical load

plays a significant role on the shear force in the piles; and

each row of piles charges the shearing force simultaneously.

Existing data showed that the landslide thrust distributed

triangularly along the pile with the maximum near the slip

surface, which means that the landslide thrust of the third

monitoring node is close to 0. Results from numerical simu-

lation show that its value is larger than 0, which relates to the

small lateral confinement because of its position of close to the

slope surface. Let’s take Fig. 9 as an example; nodes near the

slope surface firstly break because of excessive deformation

when loading to 1,200 Pa.

Shearing force in each pile of row A is less than that of

row B, which may be related to the number of piles between

row A and B. The “zero” points near the slip surface usually
exists when vertical loads are added on micro-piles, and their

position usually do not change concomitantly with the

increase of the vertical load. When the vertical loads are

small (such as 50 Pa, 100 Pa), the maximum values of

shearing force in the pile are less than 10kN. Moreover,

each pile has different values. At the same time, there are

no shearing forces at the bottom of the piles. So, we can

conclude that smaller vertical load has little effect on

enhancing the shear force capability of the pile. However,

for the higher vertical loads (such as 400, 800 Pa), a great

variations in the shearing forces appear at the bottom of each

pile. Although the values are opposite, they also have an

uniform distribution around the zero value, which are help-

ful to strengthen the shearing capacity of micro-piles.

Existing research data (Zhou et al. 2009) shows that the

piles can take tensile loads of the landslide thrust when the

piles reach the yield condition.

A very interesting phenomenon is that the maximum

value of shearing force and the maximum range of variation
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Shearing force distributed in rows A and B. (b) Shearing force
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were observed in row E, among the rows C, D, and E.

Analyzing its force process (Fig. 10), we can see that rows

A and E mainly undertake extrusion (T) from soil between

piles, landslide thrust (S) at the slip surface, tensile force

after broken (F or F0), the difference in value of which and

direction of resultant leads to different shearing force.

According to the analysis presented above, row A is mainly

affected by compression, compared to row E, which is

affected with tension.

Discussion

The shearing force along the pile mentioned in the text are

instantaneous among of the process of iterative calculation,

which means that it can not represent the whole process of

loading, and the value is only with regular statistical

significance.

Conclusions and Recommendations

Each row of piles shears simultaneously with the vertical

loads on the top of piles. When the vertical load increases

to a certain value, shearing forces appear at the bottom of

the pile, and at the same time, longer piles are needed in

the anchored segment. Vertical loads play an active role

in increasing anti-sliding force for micro-piles. The

“zero” points near the slip surface usually exist when

adding vertical loads on micro-piles. The four rows

close to trailing edge are mainly affected by compression,

compared to the row in front, which is affected with

tension.
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Geotechnical Centrifuge Modelling for Rock Slope
Failure: A Brief Overview

Zhen Feng and Yueping Yin

Abstract

Geotechnical centrifuges are used widely worldwide for rock mechanics. This paper gives a

brief overview of rock slope failure modeling using geotechnical centrifuges. Several cases

involving centrifuge modeling for rockslide mechanisms have been recorded. Two methods

of small-scale geotechnical centrifuge modeling for large scale problems, such as landslide

form massive rock slope failure, are presented. Furthermore, model materials for structures

are introduced considering the structures dominating rock slope stability. Finally, a short

discussion regarding difficulties in rock slope failure modeling is given.

Keywords

Geotechnical centrifuge � Rock slope � Failure mechanism � Small-scale modeling � Model

materials

A Brief History of Geological Geotechnical
Centrifuge Testing in Rock Mechanics

Philip Bucky of Columbia University was the first researcher

who made Edouard Phillips’ idea a reality by undertaking

geotechnical centrifuge modeling for mine roof collapses in

1931 (Taylor 1994). Since then, researchers worldwide have

adopted the methodology from Bucky’s tests and have

gained a good understanding of the mechanical properties

that apply to mining engineering design. Panek

(McWilliams 1989) performed notable works on under-

ground excavation in rocks and conducted several sets of

geotechnical centrifuge tests regarding the bolting of bedded

mine roofs, and several publications were published from

1952 to 1962. Ramberg agreed with Stephansson (1965)

with respect to the centrifuge modeling of underground

openings. Simplified models collapsed in a high acceleration

field, and thus, replicated the unstable behavior of natural

mines. Based on theoretical stability analysis and geotechni-

cal centrifuge modeling test, Stephansson (1971) performed

a more detailed finite element analysis on the stability of

excavations in layered rocks. Mathematical solutions of

strain and stress for mining roof were proposed. Subse-

quently, synthetic analyses consisting of theories, numerical

simulations, and physical modeling have been accepted as

the most effective method in engineering disciplines.

In the early 1980s, Sutherland and his collaborators

conducted a series of tests on subsidence above mine

structures in a 25-ft radius centrifuge. Since then, large-scale

geotechnical centrifuges have emerged in the field and have

become widely accepted. Joseph et al. (1988) and Einstein

et al (1990) performed an extensive study of scaled modeling

on arching in granular and jointed media. They compared the

behavior of differently scaled models of the same prototype

through a so-called “modeling the model” approach and

concluded that discontinuities can only be modeled to a

limited extent. Tsesarsky and Talesnick (2007) modeled
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multiple vertically-joined Voussoir beams to calibrate and

validate numerical methods employed in the kinematic analy-

sis of underground openings in horizontal bedded and discon-

tinuous rock masses. A distinctive set of tests to determine the

shear stress-shear displacement features of interfaces between

rock blocks was also conducted in geotechnical centrifuge,

and the results were compared with the theories proposed by

Barton and Bandis. They suggest that the scaling of shear

displacement along the interface surface should not be done

in the context of the model/prototype analysis.

In the early years, fields related to tectonic movements, as

well as mining engineering, were the main areas in which

geotechnical centrifuge modeling was performed. Due to

the high scale contrast, the tasks were performed in much

higher-speed drum centrifuges. Ramberg (1963, 1964) and

Ramberg and Stephansson (1965) conducted an extensive

series of tests to study gravity tectonics and the folding of

moraines using geotechnical centrifuges. His work was very

influential during the early days of plate tectonics. The work

continues at the Hans Ramberg Tectonic Laboratory, which is

the forerunner of numerous tectonic laboratories that are

situated throughout the world (Soula 1982; Harris et al. 2002;

Harris and Koyi 2003; Corti et al. 2004).

Dixon (1975), Talbot (1974, 1977), Schwerdtner and

Troeng (1978), and Langenberg and Ramsden (1980)

respectively performed studies on diapiric domes and gneiss,

or plutonic diapirs, employing geotechnical centrifuges. In

the early 1990s (Liu and Dixon 1990; Dixon and Liu 1992)

studied the structural evolution of foreland fold and thrust

belts. The centrifuge models were constructed out of silicon

putty modeling rocks and plasticine modeling clay and were

confined to a 2,000-g drum centrifuge at Queen’s University.
It should be noted that Lebedev and Kadik (2000) employed

a high-temperature centrifuge to simulate the probing of

liquid and crystal separation in the evolution of partially

molten zones involving a multiphase flow.

However, it should be stated that all of the tectonicmodeling

tests were performed in drum centrifuges. The tectonic centri-

fugemodeling not only improves our understanding of tectonic

processes, but to an extent, it assists in exploration performed

by the petroleum industry. By clarifying the structural geome-

try and sequence trap formation, assessments of reservoir

potential can be made. In analogue materials research, tectonic

experts make use of low density and viscosity materials to

model large-scale natural rock masses in high-acceleration-

running geotechnical centrifuges. This kind of method merits

application for large-scale prototype modeling in other fields.

Geotechnical Centrifuge Modeling Tests
in Rock Slope Engineering

Generally, self-weight and gravity-induced hydraulic stress

may be the dominant force causing the failure of slopes. The

movement of pore fluid, also known as self-weight-induced

seepage, can only be modeled in a geotechnical centrifuge.

Therefore, the realization of slope stability was inevitable

among the initial applications of geotechnical centrifuges.

Thus, one of the main areas requiring the use of geotechnical

centrifuges in rockmechanics is rock slope stability.However,

one issue is that in the early stages, most studies focus on soil

slopes, which are easily understood. Rock slopes always

involve joints, foliations, and faults, which produce the anisot-

ropy and discontinuity, and this is the key difference in the

geotechnical centrifuge modeling of rock mechanics.

To determine the stability of flysch rock slopes, Goldstein

et al. (1966) tested some models in a large-scale geotechni-

cal centrifuge. The influence of the joints on the rock slope

was observed, and the outcomes validated the field and

theoretical methods. Likewise, Sugawara et al. (1984), car-

ried out a series of centrifuge tests using homogeneous

models to interpret the progressive failure of rock slopes

and the influence of a single discontinuity.

Until now, most geotechnical centrifuge analysis of rock

slope stability has focused on toppling failures and the

University of Western Australia foreruns in the area. Fahey

et al. (1990) conducted a series of centrifuge modeling tests

on foliated rock slopes, and developed several model prepa-

ration techniques in the laboratory. Following on the idea

from Fahey, Adhikary et al. (1997), Adhikary and Dyskin

(2007) investigated the mechanism of flexural toppling fail-

ure of jointed rock slopes without cross-joints by performing

centrifuge experiments. Some significant results were

obtained, and the modeling tests were also used to validate

and calibrate the limit equilibrium method and numerical

analysis. As a pioneer in centrifuge modeling, the China

Institute of Water Resource and Hydroelectric Power

Research (IWHR) did extensive and impressive work on

topples (Wang et al. 1996). Gypsum column models, alumi-

nummodels and plastic cubic models (Chen et al. 2006) with

a defined basal plane were used to validate the basic frame of

extensions proposed for the Goodman-Bray method. Fur-

thermore, artificial rock models comprising cement, sand,

magnet powder, and water were tested to represent the

failure modes (Zhang et al. 2007). Deep-seated biplanar

slip breaking out through the toe of the slope was observed.

Studies suggested that the tensile strength of rock mass

should be amended if numerical models are employed to

analyze centrifugal modeling tests, due to the existence of

joints. To the author’s knowledge, this is the first centrifugal
experiment on a rock slope using more than one set of joints.

When there are joints dipping along the slope, landslides

parallel to the rock layer can occur very easily. Bedding rock

slopes have also been investigated in geotechnical centrifuges.

Stacey (1973) conducted both jointed and intact rock slope

tests. The centrifuge model studies illustrated that failures

occurred when sliding along the pre-existing joints. In con-

trast, failure through the intact model was not observed. “The
tests also revealed that the failure mechanism was progressive

and coherent sliding of one large block could not be observed”
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(Sjöberg 1996). Another innovator at the Yangtze River Sci-

entific ResearchCenter, China analyzed themechanics of rock

masses with joints and faults. Han and Wang (1991, 1994)

released example models involving the deeply excavated rock

slope of the Three Gorges Project and underground extraction

to illustrate the stability problem on the Lianziya rock cliff.

They developed some new techniques and instruments for

dynamic problems, water pressure and anchoring. The results

provided valuable references for both the assessment and

design of high rock slopes and thick bedding rock slopes.

Studies of cold climate slope processes have been carried

out since 1969, and they have focused mainly on massive

movements. Davies et al. (2003) has led centrifuge-based

research of warming permafrost within jointed bedrock to

study the effects of global warming on alpine slope stability.

Experiments involving simplified thick-bedded rock slope

models with two sets of ice-bonded discontinuities were

conducted. The plane strain models were constructed using

four blocks and had a dimensional scale of 1:120. Günzel and

Davies (2006) performed extensive work with pre-stressed

rock bolts and reinforced themodel slopes during tests. There

is a significant feature in model construction that the slide

surface was cast against profiled steel in a sawtooth shape.

Some peculiar geotechnical centrifuge modeling tests on

rock mechanics have been carried out. Xing et al. (2005)

performed modeling of wedge failure in rock slopes and the

tests were analyzed using the Hook and movable mechanism

methods. The results of the centrifugemodel tests also showed

reasonable evidence to support Pam’s principle of maximum.

The use of geotechnical centrifuges could significantly

enhance the understanding of not only nondestructive defor-

mation, but also post-failure behaviors for rock slope failure. In

an attempt to determine the mechanism behind this behavior,

Imre et al. (2010) carried out centrifugal model experiments

and represented the process of Sturzstrom, which involves a

highly dynamic collisional granular regime. Rock fragmenta-

tion is themain concern of the centrifugalmodel tests. Through

observation and model studies, they concluded that the run out

is controlled by the initial size, intact strength, and intact elastic

properties of the rocks involved. Feng (2012, 2013) has carried

out experiments on oblique thick-bedded rock slope failure

by centrifuge to replicate rockslide initiation. A four-blocks

model and a more discrete model were used and apparent dip

slide was observed during the tests, which validated the previ-

ously proposed “key block resisting” theory.

Similarity and Scaling Laws for Massive
Rock Slope Failure

Most of the geotechnical centrifuge modeling tests adopt an

Ng acceleration, where N is the dimensional ratio. By doing

this, it is easy to realize an equal stress between the prototype

and model. Sometimes, like massive rock slope failure

problems on a very large scale, being subject to a fixed

model container size and a maximum acceleration of the

centrifuge, a compromise has to be made where the dimen-

sional ratio (CL) is larger than the gravity ratio (N), which

implies a small-scale centrifuge modeling. There are two

different small-scale modeling methods that deal with large

scale problems, the unequal stress modeling and the equal

strain modeling.

The unequal stress modeling means that the stress field is

unequal between the model and prototype. Models

possessing the same characteristics as the prototype are put

into a centrifugal box being spun under an Ng acceleration

which is smaller than CL. The prototype can easily be

deduced from obtained data either under a specific low

acceleration via a similar linear relationship, or under sev-

eral low accelerations via linear fitting. However, nonlinear

and elastic plastic problems dominate in practice and cannot

be simply treated as linear-elastic (Zhang and Hu 1990). The

rock mass shows elasticity under a low stress load, while the

plasticity in a high stress field and modulus changes with

stress variation. Thus, the similarity criterion derived from a

mathematical physical equation analysis is a better and more

effective method. However, most of the time, quantitative

difficulties result in incomplete analytical solutions or

approximate solutions, which is contrary to the core mean-

ing of equation analysis.

Because the unequal stress modeling is a non-destructive

test and the equation analysis is tedious, scientists have

developed an equal strain modeling that is based on dimen-

sional analysis and have made progress with it in the area of

rock mechanical modeling. To satisfy the strain and defor-

mation similarity, not all parameters of the model materials

are similar to those of the prototype, and low modulus

materials characterizing greater plasticity and lower cohe-

sion than prototype rocks are used. Therefore, although the

equal strain modeling cannot generate an original gravita-

tional field as well as can the unequal stress modeling, a

progressive or instantaneous failure process can be

reproduced. The destructive equal strain modeling helps us

to better understand the initiation mechanism and behavior

of rockslides, in particular massive rock slope failure.

Materials for Rock Slope Geotechnical
Centrifuge Test

Structures, including sliding surface, faults, and fissures, are

distinctive features for rock slope failure modeling, and they

play the most important role in the destabilization of rock

slopes. Researchers have developed many modeling

materials for structures in the rock mechanical centrifuge

test. Structures are usually simulated by inserting a medium
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between two opposing surfaces, such as sheets, viscous

coatings, and sometimes just a bare contact of blocks

(Stephansson 1971). Different types of glue, lubricants, and

mixtures of mineral powder and glue or lubricants, paper,

clay, etc. have been used (Sjöberg 1996; Stimpson 1970).

Davies et al. (2003) performed a distinctive simulation on

ice-filled joints and produced an interlocking or imbricate

slide surface with small steps to produce friction angle

values that are dependent on normal stress. Table 1 presents

some of the materials used in previous tests. It should be

noted that the thickness of the slide surface has a significant

influence on the stability of the rock slope, but it is difficult

to control the compressive deformation of thick and weak

intercalated layers due to increase in the g-level.

Discussion and Conclusions

Geotechnical centrifuge modeling tests can replicate the

failure processes of rock slopes, helping to reveal

rockslide mechanisms through direct observation and

data analysis. This brief overview simply recorded sev-

eral cases of rock slope failure modeling and modeling

techniques, which can be used as references for

researchers in the study of rock slopes.

However, there remain difficult and unsettled

problems regarding data acquisition, material determina-

tion, model preparation, and modeling techniques, etc.

One important reason why the failure mechanism of the

jointed rock slope is not well understood is that it is very

difficult to monitor the interior reactions of the rock slope

during flight. In the future, wireless, delicate, and tiny

conductors are expected to play a significant role as they

can be buried in advance to measure inner, minor, and

simultaneous responses. Furthermore, seismic responses

have become a hot issue in recent years, whereas the

dynamical instability failure of rock slopes is not

frequently mentioned in literature. Vibration tables and

boxes, as well as dynamic theory in geotechnical centri-

fuge modeling involving boundary effects and inertia,

etc. require further studies. Finally, the construction

effects including excavation and building slopes are par-

ticularly difficult in the rock mass, not to mention the

heavy and the need of small light strong instruments.

Nowadays, most of the parts, such as excavation and

bolt, are installed before the tests are performed. The

use of liquid bags may be a good choice that can be

introduced into rock mechanical centrifuge modeling

considering incompressibility.

Scientists and engineers are developing new devices

and techniques to resolve conflicting difficulties in cen-

trifuge modeling of rock slope failures. It is believed that

a greater understanding of the rock slope failure mecha-

nism will be obtained from geotechnical centrifuge

modeling.
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Physical Model of the Mechanism for Thermal
Wedging Failure in Rocks

Vladimir Greif, Ivana Simkova, and Jan Vlcko

Abstract

Cyclic diurnal and annual temperature variations acting upon rocks are rarely considered

among triggers of slope movements. The importance of temperature change is viewed

mainly as a precursor of failures, where the triggers are rainfall or seismic activity. This

paper aims to determine the limit conditions in which plastic deformation develops in a

situation where one or more blocks fallen into an open crack create a wedge, causing non-

elastic displacement of a block resting on an inclined plane. A physical model was prepared

to study this phenomenon in a thermal dilatometer, in which the displacements were

measured using linear variable differential transformer (LVDT) sensors for blocks with

different block/wedge ratios, while temperature was varied in a controlled manner. Nine

physical models of sandstone blocks were tested over a cyclic temperature change of

ΔT ¼ 35 �C while measuring the permanent displacements of a block in order to confirm

the existence of this type of failure mechanism. Further, a series of cyclic tests were

performed on all nine physical models to determine the threshold temperature change at

which plastic deformation occurs for different block/wedge ratios. Results showed plastic

deformation resulting from a cyclic wedging mechanism for a block/wedge ratio 0.5 and

total model size of 50 mm, reaching a permanent displacement of 4.23 � 10�3 mm for a

block resting on an inclined plane with a slope of 7�. For these conditions, a temperature

change which caused permanent block displacement by thermal wedging was as low as

6 �C. The results of the physical model are in agreement with a proposed analytical solution

by Pasten (2013) and measurements of Bakun-Mazor et al. (2013) at a site at Masada,

Israel.

Keywords

Thermal wedging � Rock stability � Failure mechanism � Cyclic temperature change

Introduction

Knowledge of slope movements due to cyclic temperature

change is not new. Davison (1888) describes rock-block

displacement on an inclined plane triggered by temperature

variations. Further ideas that slope movements can be trig-

gered by cyclic temperature changes are found in Redlich

et al. (1929) and Záruba (1932).

The occurrence of slope movement as a consequence of

thermal stress generation inside a rock slope is at present

not well understood. Many authors (Gunzburger et al.

2005; Watson et al. 2004; Vlcko et al. 2005, 2009; Jezný

et al. 2007; Brcek 2010; Brcek et al. 2010; Gischig et al.

2011a, b; Mufundirwa et al. 2011; Vargas et al. 2013)

dealing with these problems acknowledge the thermo-

mechanical effect affecting the rock slopes, but
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quantification has proven to be difficult. Pasten (2013)

attempted to quantify the amount of thermal sliding in a

simplified conceptual analytical model shown in Fig. 1,

where several blocks fallen into an open crack, simplified

as a wedge block of the same rock material, act on the block

resting on a sliding surface, forcing it to move due to the

wedging/ratcheting mechanism.

This led to a series of equations allowing the calculation

of the plastic deformation of this rock block. Recently,

Bakun-Mazor et al. (2013) applied this conceptual model

to the rock slope at Masada (Israel) to distinguish between

seismically- and thermally-induced displacements of a mon-

itored rock block. In this work a series of physical models

was carried out in order to understand the wedging mecha-

nism and measure the plastic deformation for blocks with

different wedge/block size ratios.

Model Preparation and Set-Up

The modeling experiment was prepared as a block of sand-

stone reacting against an inclined base made of the same

material. The model was in the shape of cylinder core

drilled from a sandstone rock block, with a diameter of

3.5 cm and length of 5 cm. The wedge acting in the open

discontinuity was created by sawing the cylindrical sample

at angle of χ ¼ 15� in order to obtain a wedge, as shown in

Fig. 2. Nine model variations were prepared, differing by

the ratio between the wedge width LW and block width LB

(LW/LB). The dimensions of all model variations are

summarized in Table 1. The base of the model was sawn

to create a flat surface inclined at angle η ¼ 7� from the

horizontal. The model material properties are shown in

Table 2.

All prepared model variations were tested in the thermo

dilatometer VLAP04, which consists of a frame made of

borosilicate glass enclosed in a thermally controlled

Fig. 1 Principle of the

mechanism of thermally-induced

wedging

Fig. 2 (a) Geometry of the models and (b) the nine models prepared

with various wedge/block ratios named in Table 1
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chamber. The temperature is controlled by a computer and

could be adjusted in the range from �17 to +60 �C. The
temperature was measured on the surface of the rock model

and in the center of a dummy sample prepared from the same

material as the model. Figure 3 shows the scheme of the

dilatometric device, with a close-up of the model set-up

prepared for testing.

In order to measure the block displacements caused by the

wedging action due to the cyclic thermal loading, a push rod

made from fused silica was attached to the free side of the

block with a cyanoacrylate adhesive to prevent unwanted

slippage. This rod transferred the block movement to a linear

variable differential transformer (LVDT) transducer, which

measured the displacement with a resolution of 1 � 10�4 mm.

Thermal Testing Procedure

The relatively small size of the physical model was chosen

intentionally in order to allow for complete equalization of

the temperature inside the model.

This was documented by comparison of the temperature

curves measured inside the model and at the model surface

(Fig. 4). This situation corresponds to an exposure time long

enough to reach temperature homogenization inside the

model according to Pasten (2013).

Each model was inserted in the thermal chamber, where

the temperature was controlled by a thermocouple inserted

inside a dummy sample composed of the same material as

the model. The testing procedures were designed to deter-

mine two characteristic values.

The first was the amount of plastic displacement of the

block due to the wedging action created during one thermal

cycle with ΔT ¼ 35 �C. For this procedure the model was

inserted inside the dilatometric device VLAP04 according to

Fig. 2. Testing started after 1 h to allow for temperature

equalization.

The temperature was then decreased from an initial 20 to

�15 �C and then back to the initial temperature. The rate of

the temperature change was nonlinear, with higher rates in

initial stages of cooling and heating and slower rates during

equalization (Fig. 4). The testing procedure with the cooling/

heating rates was kept similar for all model tests. The plastic

deformation of the block was calculated by measuring the

value of the displacement after one thermal cycle by the

LVDT sensor.

The second characteristic value was the limit temperature

change ΔTmax causing a permanent displacement of the

block. The testing procedure consisted of repeating the ther-

mal cycles while increasing the temperature difference ΔT
by 1 �C at each step. The displacement of the block was

measured after completion of each cycle and the procedure

was stopped when the displacement reached 10�3 mm. The

corresponding temperature difference ΔT was then declared

the limit temperature change ΔTmax causing a permanent

displacement of the block for that particular model.

Analytical Model

An analytical model for the wedging failure mechanism was

developed by Pasten (2013) and subsequently used by

Bakun-Mazor et al. (2013) for assessing the possibility of

block displacements at the rock slopes of Masada (Israel).

The model is based on an assumption of rock fragments

fallen in an open crack of average aperture LW, simplified

into a wedge block in the conceptual model. The sliding

block dimensions are LB (length) and H (height). Pasten

assumes the rock block is a homogenous body subjected to

a temperature change from T0 in the center to a new bound-

ary temperature T1. The time required for the temperature to

equalize in the entire rock block t* is defined as t* ¼
LB

2/DT, where L is the sliding block length and DT is the

Table 1 Model dimensions and geometry

Model dimensions/model R14 R21 R24 R27 R40 R56 R68 R88 R94

L ¼ Lb + Lw [cm] 4.45 4.48 4.49 4.43 4.51 4.51 4.24 4.50 4.54

Lb [cm] 3.90 3.70 3.62 3.48 3.13 2.88 2.52 2.39 2.34

Lw [cm] 0.55 0.78 0.87 0.95 1.38 1.63 1.72 2.12 2.20

Lw/Lb [�] 0.14 0.21 0.24 0.27 0.4 0.56 0.68 0.88 0.94

H [cm] 1.94 1.88 1.94 1.76 1.74 1.81 1.88 1.75 1.84

χ [�] 15 18 17 15 15 13 12 11 17

η[�] 7 7 7 7 7 7 7 7 7

Table 2 Model properties

Model material properties

Joint friction angle ϕj [
�] 23.7

Mass density ρ [kg/m3] 2,410

Thermal expansion coefficient α [�C�1] 1.09 � 10�5

Thermal diffusivity χ [m2s�1] 8.44 � 10�7

Specific heat C [J.Kg�1 �C�1] 1.01 � 103

Thermal conductivity λ [Wm�C�1] 2.09

Young’s modulus [GPa] 8.82

Shear joint stiffness [MPa/m] 18.7
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thermal diffusivity of the rock, which is proportional to the

rock thermal conductivity (λ), and inversely proportional to

its mass density (ρ) and specific heat capacity (Cp). Follow-

ing Pasten (2013), the depth of penetration of the heating

front during an annual cycle, referred to here as the “thermal

skin depth” (Sd), may be estimated as

Sd � L=2 for texp > 2L2=DT , ð1Þ

where texp is the exposure time, which is in the case of

physical models longer than the homogenization time

required to equalize the temperature inside the rock block,

as documented in Fig. 4.

Pasten (2013) further suggests three displacement compo-

nents that are involved in the thermal expansion process: the

thermal expansion (δT), the elastic compression of the rock

material (δσ), and the elastic shear response along the sliding

interface (δj). The unconstrained seasonal thermal expansion

(δT) of both sides of the tension crack as well as the wedge

fragments inside the tension crack may be expressed by

δT ¼ α � ΔT � Lw þ ξ � LB þ β � Sdð Þ ð2Þ

where α is the thermal linear expansion coefficient of the

rock material, ΔT is the seasonal temperature change, and β
is a coefficient accounting for non-uniform diffusive temper-

ature distribution inside the sliding block and the rock mass

Fig. 3 Scheme of the

dilatometric device VLAP04,

with the detail of the testing

configuration and thermocouple

placement

Fig. 4 Records of the temperature measurements at the model surface,

center and chamber temperature during the test
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with values ranging from 0 to 1. The coefficient β is only

introduced when the skin depth Sd is smaller than the half-

length of the rock block. The dimensionless coefficient

ξ � 1.0 accounts for the free thermal expansion of the

right portion of the block that does not contribute to

constraining the system thermal expansion.

During block heating, an elastic force develops, acting

along the crack and leading to the block displacement.

The maximum force per unit length parallel to the base

Fmax [N/m] that the block frictional resistance can sustain is

Fmax ¼ γLB � H � 1

2
LB tan η

� �
� tanϕ cos η� sin ηð Þ ð3Þ

where γ is the unit weight of the rock (γ ¼ ρ.g), ϕ is the

friction angle of the sliding plane, and η is the inclination of

the sliding plane.

The resulting elastic displacement (δσ) generated in the

block and wedge due to the action of Fmax is

δσ ¼ Fmax � cos η
H � E � LW þ LB

2

� �
ð4Þ

where E is the modulus of elasticity of the rock material.

The final component for the calculation of plastic dis-

placement (δp) is the joint elastic displacement (δj)

δj ¼ 1

kj
� Fmax

LB
� cos η ð5Þ

The term kj is the shear stiffness coefficient for the sliding

surface. Knowing these components, one can determine the

plastic displacement generated by an annual temperature

cycle as follows

δp ¼ δT �δσ �δj for δT �δσ �δj
� �

> 0 else δp ¼ 0 ð6Þ

In order to calculate the plastic displacement, an

estimation of joint shear stiffness was carried out using

several tests conducted on a micro shear frame custom

made for the purpose of testing shear resistance of the

sawn model surface under low normal stress. The linear

expansion coefficient was determined in the dilatometer

VLAP04 and the resulting value is shown in Table 2,

together with the result of the tilting test focused on

measuring the joint friction of the saw-cut shear surface

of the sliding block.

The maximum temperature that the system can sustain

without plastic displacement is calculated from

ΔTmax ¼ Fmax

α � Lw þ ξ � LB þ β � Sdð Þ � E � E

kj � LB þ
Lw
H

þ LB
2H

� �

ð7Þ

which for typical field conditions can be simplified to

ΔTmax ¼ 1

α
� 1þ Lw

Lb

� �
μ � cos η� sin ηð Þ H

d texp
� � � γr

kj
ð8Þ

where length subjected to expansion d(texp) is a function of

the exposure time for the physical models equals to

d texp
� � ¼ Lw þ ξ � LB þ β � SD ð9Þ

Comparison of Results to Analytical Model

Calculated values of the plastic displacement of the sliding

sandstone block for nine models with different wedge-block

ratios are presented in a graph shown in Fig. 5. For all the

model scenarios the measured displacements by the LVDT

sensors on equivalent wedge-block ratios obtained from

physical models are presented on the same figure.

By comparing the result it might be concluded that

displacements curves for both analytical and physical

models have a similar tendency, despite some differences

in the amplitude of displacements. More importantly, the

existence of the wedging mechanism in rock blocks has been

confirmed. As for the maximum temperature change the

system can sustain (Fig. 6) without observing plastic dis-

placement, it can be noted, that the values of ΔTmax for

analytical prediction and physical models were very similar

for the model with smaller wedges, while with the increase

of the wedge size (LB) the ΔTmax values decreased for the

physical models.

Analytical models based on Pasten`s solution
Physical models
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Fig. 5 Comparison of plastic displacements of sandstone blocks

measured on physical models and calculated based on the analytical

conceptual model of Pasten (2013)
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This decrease is possibly attributable to a non-linear trend

of shear-stiffness coefficient kj. This coefficient was

estimated from tests with R21 (a large sliding block and

thus a smaller wedge).

Conclusions

A set of physical models was prepared to study thermal

wedging mechanism in a thermal dilatometer, where the

displacements were measured using LVDT sensors for

blocks with different block/wedge ratios, while changing

the temperature in a controlled manner. Nine physical

models of sandstone blocks were tested for an annual

temperature change of ΔT ¼ 35 �C while measuring the

permanent displacements of a block, in order to confirm

the existence of this type of failure mechanism. Further, a

series of cyclic tests were performed on all 9 physical

models in order to determine the threshold temperature

change ΔTmax at which the plastic deformation occurs for

different block/wedge ratios.

The results confirmed the existence of plastic defor-

mation resulting from a cyclic wedging mechanism for a

block/wedge ratio 0.5 and total model size of 50 mm,

reaching permanent displacement of 4.23 � 10�3 mm for

a block resting on an inclined plane with slope of 7�. For
the same conditions, a temperature change which causes a

permanent displacement of the block by the wedging

mechanism was found to be as low as 6 �C for a wedge/

block ratio 0.94. The results of the physical model sup-

port the proposed analytical solution by Pasten (2013)

and measurements of Bakun-Mazor et al. (2013) at the

Masada site in Israel.
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Bratislave, Bratislava, 127 p (in Slovak)

Brcek M, Varilova Z, Greif V, Vlcko J (2010) Stanovenie teplotného
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Shallow Modes of Slope Failure in Road Earth
Cuttings in Sri Lanka

H.M. Janaki M.K. Herath, Sudheera S.I. Kodagoda, and A.A. Virajh Dias

Abstract

Road associated failures in Sri Lankan landslides that have been investigated to date were

highly dependent on geological setting of the cut slope. Numbers of cut slopes and their

failure modes were studied in order to understand the influence of factors: slope height and

angle, bed rock geology, seepage, overburden geology and geometry of the cut slope on the

slope failure. Shallow failure mode (height of failed mass less than 4 m) is a very common

feature in these cut slopes when exposed to intense rainfall due to extensive saturation.

Slope stability can be evaluated with the use of geometry, shear strength characteristics and

geological setting. Importance of geological setting and characteristics of failure modes

must be considered when designing structural measures to improve the stability. An

understanding of combined effect of geomorphology and overburden geology, which sets

stability of a road cutting, is an essential parameter and helps in understanding sliding

potential of the immediate upper slope. This study emphasises importance of geological

setting, which determines the characteristics of failure modes when designing structural

measures to improve the stability. Combined effect of geomorphology and overburden

geology, which sets stability of a road cutting, is an essential parameter for designing of

remedial measures by reducing sliding potential of the immediate upper slope.

Keywords

Morphology � Geology � Shallow sliding mode � Infinite slope � Factor of safety

Introduction

Sri Lanka has a tropical climate and the mean annual rainfall

varies throughout the island with the wet zone receiving over

2,500 mm (maximum of 5,500 mm in Watawala), while the

intermediate zone receiving between 1,750 and 2,500 mm

and the dry zone receiving less than 1,750 mm of rainfall in a

year. A distinct dry season is existent in the dry zone from

May to September (Jayasena et al. 2007).

In ancient times, almost total hill country regions

consisted of virgin forests with indications of slope stability.

With the increase of population and developments, hill

slopes of the upcountry of the Sri Lanka have been occupied

for settlements and this activity rapidly increased after the

British era. An effort was made to avoid soil slopes and use

somewhat denser formations (meta-sedimentary rocks) in

eroded slopes for the infrastructure developments (Fig. 1).

Good road location can often avoid landslide areas and

reduce slope failures. Further, it is necessary not to create

instability when cuts are made. It is reasonable to update and

define failures in road earth cutting as shown in Table 1.

Other than overburden soil conditions and morphology,

road based earth cutting failures are influenced considerably

by underlying bedrock conditions (geology, genesis, dip,

rock orientation, degree of weathering, inter-planer material)
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and environmental conditions. General physical setting of

road section and surrounding factors of importance in the

environment are shown in Figs. 2 and 3 below.

Geology and Topography of Hill Country,
Sri Lanka

The topography of the island shows three distinguished

geographical peneplains named as “Up-country” with an

average elevation above 900 m, “Mid-country” with an

elevation of 300–900 m and “Low-country” below 300 m

in elevation (Cooray 1984). Mid and high peneplains are

made of landforms such as mountains, escarpments, valleys,

hills and ridges (Panabokke 1996). Precambrian crystalline

hard rock is spread over 90 % of the land area in Sri Lanka.

The rest is covered by Jurassic, Miocene, Holocene

sedimentary formation and very few igneous rocks (Cooray

1984).

These Precambrian rocks which metamorphose under

granulite facies and amphibolite facies are sub divided in

to three groups based on the lithology, structures and age of

the rocks. They are Highland complex (HC), Vijayan

complex (VC) and Wanni complex (WC) with the

Kadugannawa complex as a subordinate unit (Cooray

1984). The Highland complex rocks comprises mainly of

granulite grade charnockitic rocks, and meta-sediments. The

Highland Complex is bound on the east by the amphibolite

grade Vijayan Complex. The Wanni Complex consists

mainly of granitic gneisses, charnockitic gneisses, and

migmatites, and the metamorphic grade ranges from

amphibolite to granulite (Mathavan et al. 1999).

Slope failures typically occur: where a slope is very steep,

where cuts in natural soils encounter more saturation,

groundwater or zones of weak material. Geology plays

major role in stability of an earth cut, especially in different

soil—rock stratification patterns set at sites, as shown in

Fig. 4.

Common Modes of Slope Failures

The road associated soil and rock slope failure mechanisms

can be classified as (1) soil and rock slump, rotational slides

in homogeneous clayey soil, (2) translational slides and slip

along plane of weakness and (3) complex form due to

geological setting (rock–soil). Driving force is the

component of soil weight and the resisting force is the soil

strength acting in the opposite direction. Slope failure occurs

when driving force exceed the resisting force. Factor of

safety (FS) is defined as the ratio of resisting forces (or

moments) to the driving forces (or moments). If FS < 1,

the slope will fail, if FS > 1, the slope is theoretically stable.

The minimum FS requirement for the design of slope is

between 1.3 and 1.5 (Geotechnical manual for slopes,

Hong Kong 1997).

Circular Soil Slumps and Soil Falling Mode

In principle-, circular mode of failure is very difficult to

distinguish in natural soil slopes, but geometry of relatively

small landslides show this in circular pattern. This is usually

observed in homogeneous residual form of soils as shown in

the Figs. 5, 6, 7, 8 and 9.

A series of statistical interpretations were performed

from the direct field data of earth cutting behaviour

which is associated with various geological conditions at

site. The falling of soil or soil slump mode are very

common features if height of slope exceeds 3.4 m as

indicated in Fig. 10.

Fig. 1 Construction of Colombo—Kandy Railway in Sri Lanka

during, British era 1796–1948 (Source: http://lankapura.com)

Table 1 Defining road associated types of failures

Type of movement

Type of material in fall, flow or deposited

Bed rock Debris (coarse soil particles) Earth-(fine soil)

Fall Rock fall Debris fall during rain Earth fall—immediate after the cut

Rotational slides Debries slump- Colluvium Earth slump—residual soil

Translational slides Rock block slide Debries slide - Earth slide

Rock slide Composit landslide

Complex Composite failures in rock and soil etc. Slump and earth flow Composite failures in soils
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Infinite Slope Failure Mode

Infinite slope failure is significant in dip slope with highly

foliated, jointed and stratified rocks as shown in Figs. 11 and

12. Detachment of passive wedge, removal of earth cover and

exposure of foliated rock to temperature has triggered slope

failures. That means, negligence of geological detachments

along interfaces, and inability to accommodate appropriate

design requirements adversely affect the stability of these

slopes. Therefore, it is important to consider outcrops, shear

veins, quartz veins, secondary graphite and other indicators of

brittleness in the weathered rock outcrops during the design of

cut slopes. Above geometrical similarities and rock slope

infinite modes of failures were observed in field as shown in

Figs. 11 and 12.

It is well known that rocks may undergo degradation

when they are exposed to atmospheric weathering and/or

hydrothermal fluid transition through foliated joints, and

other rock joints during saturation. It is also noted that, top

surface foliated faces tend to initiate hairline opening of

joints during construction of road cut sections, and finally

those slopes will subject to wetting and drying over a

period of time. The infinite slope failures may create

unexpected failure patterns even at 0.8–1.2 m open cut

section as shown in the field (Fig. 12). In deterministic

approach; interface friction of foliated layers, joint density

and effect of seepage pressures are important for the

evaluation of FS. In such situations, minimum FS for the

design of slope section is considered to be FS > 1.5

(Geotechnical manual for slopes, Hong Kong 1997). In

addition to it, if the evaluation is considered under seismic

acceleration, minimum FS should be greater than 1.2.

When using the infinite slope method, if the FS is near

or below 1.0–1.15, severe erosion or shallow slumping is

likely. However, vegetation on the slope can help to

reduce this problem because roots add cohesion to the

surficial soil which improves stability.

The rock slope failures are statistically represented in

Fig. 13. Typically, if the slope height exceeds 5 m, rock

slope failures are highly significant. In addition, the infi-

nite slope failures are significant in dip slopes even at

the cutting height exceeds 0.8 m as indicated in Figs. 12

and 13.

Composite Mode of Slope Failure

Composite failure allows the failure surface to intersect the

subsoil and then to follow the rock interface. Stability is

critical, if the slope is geologically unsuitable either due to

soil overlaying under-dipping rock slopes or a saturated

layer at the interface which can form a composite failure as

shown in Fig. 14.

Fig. 2 Road based morphological patterns, land use and different

modes of failures

Fig. 3 An example of negligence during the construction stage to evaluate and design for stability of rock slope, geological setting, overburden

parameters and land use during road widening works
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Colluvium /
Soil

Colluvium / Soil Colluvium /
Soil

Bedrock Bedrock Bedrock

Parallel Pattern Over dip Pattern Under dip Pattern

Fig. 4 Surface slope and stratification patterns of soil and rock

Fig. 5 Typical pattern of the circular soil slump and circular failure modes in soil and weathered rock faces

Fig. 6 Typical observations of relatively circular modes of failure in high earth cuts with soil-rock site
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Weathering transforms hard rocks into soft rocks, which

maintains structure of the parent rock, but the weathering

increases void ratio and reduces material strength. The

physical and chemical weathering impacts can be a predom-

inant fact in controlling the modes of soil failure at the

interfaces.

Stable Rock Slopes in Weathered Rock

It is interesting to note that number of earth cuts that were

observed along roads have fully resistant to weathering even

under severe weathering conditions prevailed in recent past

as presented in Figs. 15 and 16.

Fig. 7 Relatively large soil slump feature in residual soil due to lack of

appropriate remedial measures

Fig. 8 Some typical examples of unsupported soil slump failures in residual soil exposed to surface saturation during rain
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Fig. 9 An observation of relatively circular modes of failure in collu-

vium formation

Fig. 10 Statistical representation of the soil failure of the non-

engineered construction of earth cut sections

Fig. 11 Typical geometry of infinite—rock slope failure mode

Fig. 12 Field example of failure of cut slopes in a foliated rock due to

lack of passive support

Fig. 13 Statistical representation of foliated rock slope failures
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Conclusion

It appears that, in above cases, a prominent pattern of

failure can be noticed along a road trace if the tropical

weather conditions prevail at site. Under such

circumstances, the minimum factor of safety was

observed in the composite failure mode, involving a

circular failure that intersects softer soils resulting in a

slip surface in the lower portion of the cut. This

evaluation has implied that a second set of parameters

deemed necessary for sub-soils on the upper, and steeper,

slope areas. The shallow sliding mode is very common in

slopes with a 2–6 m wide wet strip along the road beneath

the slope surface, and, in general, the circular sliding

mode occurs in slopes with strong groundwater influence

within the uniform residual soil strata. For the shallow

sliding mode, the safety factor could be smaller, if the

slope height is more than 3.4 m.

A hypothesis suggests that besides the secondary

failure such as debris flow in the erosion trenches, there

are two major failure modes significant in those slopes,

i.e., shallow planer failure in the rock-soil formation and

circular sliding in residual soil slopes. By conducting

the above mentioned assessment, the authors make the

following conclusions, as presented in Table 2.

After some review of the data, and the overall

objective, following observation were made: significant

cohesion values were detected only in soils with some-

what higher densities, and average friction angles in

completely weathered rocks. A review of the data found

that these were noted in slopes with clayey soils.

The study of relationship between safe heights,

geology, geometry and land use are important in

designing safe cut slope section in residual form soil

regions under tropical weather conditions. It is noted

that, limited field observations on shear strength, pore

water pressure and their correlations with the above

modes of failures need to be studied further in order to

draw a scientific explanations to the design of engineering

slopes in roads.

Fig. 14 Geologically unstable rock-soil slope condition

Fig. 15 Typical field showing completely weathered rock cutting,

which remains as stable even after subjected to periodic wetting and

drying in last 20–30 years

Fig. 16 Highly foliated under dip conditions at cutting with long term

standstill section at tropical weather conditions
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Discussion on the Method of Intact Loess
Humidification Considering Water Content
Uniformity

Kai He and Bin Li

Abstract

Soil mass strength has a direct correlation with soil mass water content. The shearing test

for soil under different water contents is the most important method of analyzing landslide

(sliding belt) soil mass strength. According to the humidification requirements on the intact

loess for indoor test, we should pay attention to the uniformity of humidification for the

intact loess. Through comparative studies on three humidification methods, it is considered

that when the same loess samples have reached the same preset humidity, the loess sample

with the pre-wetting method for 24 h can reach the uniform water distribution; the loess

sample using the burying method can reach to the uniform water distribution after 10 days

and the loess sample using the steaming method can reach the uniform water distribution

after 8 h. The burying method can get the large water content range for humidification and

saturated loess samples can be obtained through humidification, whereas the saturated loess

samples cannot be obtained through the pre-wetting and steaming method.

Keywords

Water content � Humidification method � Pre-wetting method � Burying method � Steaming

method

Introduction

Loess landslide is one of the most common geo-hazards in

the Northwest of China and the landslide disaster has

become a major hazard for human settlements and urban

construction. The triggers of loess landslide is the decrease

in the strength of soil mass in the slope. The strength of the

soil mass is closely related to its water content: when the

water content in the slope reaches a certain value, the pore

pressure in the loess is sharply increases and the shearing

strength significantly decreases (Miao et al. 1999), thereby

causing landslides.

The loess in China is mostly distributed in arid or semi-

arid regions. In general, shallow layer loess is in the unsatu-

rated state. The unsaturated loess has high strength and low

compressibility when its water content is low, but its

strength is greatly decreased and its compressibility is evi-

dently increased when it has high water content. For loess

slopes, precipitation, irrigation, temperature changes will

cause changes in the water content of the unsaturated loess,

which leads to changes in the strength of loess and thereby

causing the landslide disasters (Chen 1997; Chen 1999;

Chen et al. 2006; Li et al. 2012; Xiong and Hu 2007; Yin

et al. 2004). Therefore, when analysing the stability of loess

landslide, physical and mechanical parameters of intact loess

at different water ratios should be obtained by tests (Li and

Miao 2006; Xie 2001; Zhang and Li 2011). As controlled by

sampling conditions or test requirements, humidification

processing is often carried out for the intact loess samples
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during testing in order to get loess samples with different

water contents. For the special structure of the loess, how to

change the water content in the intact loess samples uni-

formly without changing the structure of soil is the key to

carry out pretreatment under the precondition. By

introducing a contrastive analysis method on the prevailing

humidification methods, it is hoped that it will be helpful for

selecting the humidification method so that the physical and

mechanical parameters of the intact soil mass can be better

obtained during the follow-up tests.

Contrastive Study on Humidification Tests

Pre-wetting Method

The pre-wetting method is a widely used humidification

method for testing. Firstly, we drip water on the surface of

the loess samples directly, and then put the loess samples

into the humidifier to stand still and let the water dropped on

the surface of the soil layer penetrate into the soil mass to

obtain an uniform water content.

Taking a triaxial shear test sample, as an example, the

author used the pre-wetting method to carry out

humidification for the intact loess samples. We dry the

triaxial test samples, and drip water from upper and lower

ends as well as sides using a dropper. After humidification,

we let the samples stand still in the humidifier for 24 h to

make the water distributed uniformly (Table 1). According

to the soil test regulations (China Code for standard for soil

test method 1999), this humidification method can meet the

requirement of uniform water distribution in the test

samples. However, as the triaxial test samples have large

volumes, a large quantity of dripping water is needed. To

prevent damaging the soil structure for excessive water, we

select different positions for dripping and circulating for a

certain time interval when dripping.

Burying Method

The burying method was rarely used in previous experimen-

tal studies. The specific approach is to bury the loess samples

into the soil with basically the same target water content.

Under the diffusion, it makes the loess samples reaching to

the target water content. This is a humidification method

under the natural conditions. This method realizes the

humidification only through water migration using the

humidification process under the natural state but without

changing the structure of the loess samples during the

humidification process.

To simplify the test operation, the authors attempted to

make the following improvement: wrap the loess samples

with filter paper and bury them into the sawdust with proper

water content for humidification. We buried the intact loess

samples with initial water content of 13.9 %, in-situ void

Table 1 Pre-wetting method water content uniformity test

Initial dry

density

(g ∙ cm�3)

Dry density

after humidification

(g ∙ cm�3)

Average water

content after

humidification (%)

Water content (%)

Differential water

content (%)Soil surface In the soil The lower part The upper part

1.28 1.28 21.2 21.4 20.6 21.3 21.6 1.0

1.27 1.27 21.3 21.4 20.9 21.4 21.7 0.8

1.29 1.29 21.3 21.5 20.8 21.4 21.7 0.9

1.28 1.28 21.6 21.8 21.2 21.8 21.7 0.6

Table 2 Burying method for water content uniformity test

Test sample

Water content (%)

Differential water content (%)Soil surface In the soil

Cutting ring test sample 17.1 16.1 1.0

20.6 20.4 0.2

31.1 30.3 0.8

30.2 29.7 0.5

Triaxial test sample 17.3 16.8 0.5

28.0 28.0 0.0

29.8 29.5 0.3

31.4 31.3 0.1
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ratio of 0.895, specific gravity of soil particles of 2.69 into

two layers of sawdust with the same water contents with a

vertical elevation difference of 15 cm between the upper

layer and the low layer. We measured water contents from

the surface of the test samples and the soil core respectively

after the samples are buried and carried out water content

comparison for the upper layer and the lower layer soil

samples (Table 2). The results indicate that the uniformity

of water contents in the two layers of loess samples meet the

requirement, however, because the samples are buried for a

long period, under the gravity, water is transferred, resulting

in dry sawdust in the upper layer and humid sawdust in the

lower layer in the humidifier. The water content of the loess

samples buried in the upper layer is less than that in the

lower layer. The maximum water content difference for

samples in two layers is 2.8 % (Fig. 1), which is beyond

the regulation requirement (China Code for standard for soil

test method 1999). As a result, two layers of loess samples

cannot be used for carrying out experiment as the test

samples with the same water content. Therefore, it is

required that the loess samples should be buried in the

same level height for the burying humidification method to

ensure that each loess sample have the same water content.

During the burying method tests, the maximum water con-

tent of the triaxial test samples is 32.9 % and the saturation is

96.5 %. Therefore, the burying method can humidify the

intact loess samples into the saturated state.

Steaming Method

The steam humidification method is a new method that was

suggested in recent years but it is rarely used at present. The

basic idea of the steam humidification method is to carry out

even pre-wetting through the uniformity of the steam. We

cut the loess samples first, carry out steam humidification,

and then use preservative film to wrap the loess samples after

humidification and put them into the humidifier to stand still

until the water content inside the loess samples is uniformly

distributed.

In case there is no special equipment such as the steam

tank, the steam can also be provided by a pressure cooker.

When testing, we put the loess samples into a pressure

cooker and open the pressure valve of the pressure cooker

to make the vapour in a non-pressure state (with respect to

atmosphere). The length of time for providing the steam has

no major impact on the effect of humidification, as it gener-

ally takes 10 min. After humidification the samples are set

on standing for 8 h to ensure that the water ratio is evenly

distributed in the loess samples (Wang et al. 2010).

Taking the 10 min non-pressure humidification as an

example (Table 3), the test results indicate that when carry-

ing out humidification for the unsaturated loess using the

non-pressure steam the humidification rate is about 20 % of

the initial water content and there is almost no change in dry

density before and after loess sample humidification (Wang

et al. 2010), therefore the non-pressure state humidification

does not have impact on the soil structure.
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Fig. 1 Water content difference between samples in upper and lower

layer

Table 3 Steam humidification method effect test (according to Wang et al. 2010)

Initial water

content (%)

Initial dry

density

(g�cm�3)

Dry density after

humidification

(g�cm�3)

Water content

(%)

Differential

water content

(%)

Average water content

after humidification (%)

Increased

water content

(%)

Soil

surface

In

the

soil

14.5 1.25 1.25 17.3 17.1 0.2 17.2 2.7

15.0 1.25 1.25 17.7 17.5 0.2 17.6 2.6

21.4 1.35 1.34 25.6 25.2 0.3 25.4 4.0

21.6 1.34 1.34 25.7 25.2 0.5 25.5 3.9

25.9 1.28 1.28 31.9 31.4 0.5 31.7 5.8

25.8 1.28 1.29 31.6 31.2 0.4 31.4 5.6
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Conclusions

1. For using the same test samples to achieve the same

pre-set humidity, setting the loess samples on standing

for 24 h for the pre-wetting method can make the water

distributed uniformly in the samples, while setting the

loess samples on standing for 10 days in the burying

method can make water distributed uniformly. Like-

wise, setting the loess samples on standing for 8 h

using the steaming method can make water distributed

uniformly in the samples.

2. The idea of the pre-wetting method is simple, but it

requires repeated dripping for humidification, and a

frequent manual operation.

3. The burying method can carry out humidification for a

large range of water contents. The saturated soil

samples can be obtained by humidification but not

using the pre-wetting method and the steaming

method. However burying method requires longer

time for water to be distributed uniformly and in-situ

humidification. It also requires that the loess samples

with the same water content be buried in the same

level/height.

4. The operation of the steam humidification method is

the most simple and convenient, it requires the shortest

time for humidification but the volume of loess

samples for humidification is limited. It is fitting for

cutting ring test samples but not for loess samples with

large volume. When the target water content is large,

steam should be used repeatedly for humidification.

When carrying out the tests, we select an appropri-

ate humidification method according to the type of test

samples, requirements on the humidification speed as

well as the specific test conditions.
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Undrained Shear-Strength Variation of Salt-Rich
Clay: Implications for Fast-Moving Clay Landslides

Lei He, Bao-ping Wen, and Xiu-juan Xu

Abstract

It is well recognized that the shear strength of salt-rich clay is reduced after leaching and

under drained conditions, as commonly occurs in reactivated landslides or in slow-moving

landslides of such clay. This is due to loss of the physical and/or chemical bonds provided

by the salt, demonstrating the physic-chemical effect of pore water on the shear strength of

the clay. However, is there a similar effect when such clay is subjected to undrained

conditions after leaching, as in fast-moving landslides in the clay following rainstorms or

irrigation? To gain better understanding of the mechanisms of fast-moving landslides of

salt-rich clay, the shear strength of a salt-rich clay under undrained conditions was

investigated after being leached repeatedly. The clay was weathered mudstone from

Heifangtai, Gansu, China. Test results showed that the clay’s undrained shear strength

was remarkably reduced after leaching, mainly through water-soil physical-chemical

interactions. The effective friction angle and cohesion of the clay may be reduced due to

loss of the bonding salts, similar to the variation of its strength parameter under drained

conditions. In addition, higher pore water pressure could build up during shearing due to an

increase in the clay fraction caused by disaggregation of silt-size particles, leading to a

decrease in effective normal stress and then shear strength.

Keywords

Salt-rich clay � Salt-leaching � Shear strength � Pore water pressure � Water-soil physical-

chemical interactions � Disaggregation

Introduction

The shear strength of clay is one of the key parameters for

evaluating slope stability or landslides, and it is affected by

both the composition of the soil skeleton and its interactions

with pore water. In arid or semi-arid or coastal areas, clays

normally contains significant amount of soluble salts, and

the salts could be leached by flood irrigation or long-term

rainfall. Leaching salt from the clay should greatly reduce

the clay’s shear strength under drained conditions, especially
the clay’s residual shear strength (e.g., Moore 1991; Tiwari

et al. 2005; Wen and He 2012). Moore (1991), Tiwari et al.

(2005), and Wen and He (2012) attributed this phenomenon

to loss of physical or chemical bonds or both provided by the

salt, namely a physical-chemical effect, and thought that

this explained the reactivation mechanism of some salt-rich

clay landslides.

However, when the soluble salts are leached and the clay

is subjected to undrained conditions, as in fast-moving clay

landslides following a rainstorm or irrigation, does the

physical-chemical effect of pore water still influence the

shear strength of the clay, apart from pore water pressure?
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This paper aims at better understanding themechanisms of

fast moving landslides of salt-rich clay. The shear strength of

a salt-rich clay under undrained conditions was investigated

after the clay was leached a number of times, and the effect of

pore water was analyzed in terms of both pore-water pressure

and water-soil physical-chemical interactions.

Samples and Methods

Samples

The salt-rich clay used in this study was collected from

highly weathered Cretaceous red mudstone close to the

Huangci Landslide at Heifangtai, Yongjing county of

Gansu. At the sampling site, the weathered Cretaceous red

mudstone appeared to be a loose, very wet and soft red clay.

The Huangci landslide was a large, fast-moving landslide

with a volume of 6 � 106 m3. It occurred following irriga-

tion in January 30, 1995, with a sliding distance of 40 m in

90 min. Extensive investigation has proved that the landslide

developed along bedding planes of the weathered Creta-

ceous mudstone and that reduction of shear strength in the

slip surface induced by irrigation was one of the primary

factors leading to the sliding. A salt deposit could be

observed at the toe of the landslide, indicating that desalina-

tion of the slip zone occurs along with irrigation.

The soluble salts within the clay and groundwater in

Huangci Landslide and the nearby Yellow River water

which was used for irrigation are presented in Table 1. The

salt content in the sample was determined following Chinese

National Standards CNS GB/T50123-1999 (Standardization

Administration of China et al. 1999). Nearly 0.7 % of the

sample was composed of soluble salts, with NaCl as the most

common, forming up to 47.4 %. A high salinity of 31.5 g/L

was found in the ground water, with an abundance of Na+,

Cl�, and SO4
2�. In contrast, the Yellow River water has a

salinity of only 0.5 g/L.

Basic physical properties of the clay are presented in

Table 2. The grain size distribution and Atterberg limits of

the sample were obtained in compliance with CNS GB/

T50123-1999. Results showed that the sample was 37 %

clay and 63 % silt. The liquid limit and plasticity indices

were 33 and 17. X-ray diffraction analysis showed that the

sample had primary massive minerals of quartz and calcite,

and primary clay minerals of interlayered illite/smectite and

illite with a minor amount of kaolinite and chlorite (Table 3).

Since the clay is very loose and soft, it was very difficult

to collect enough good quality undisturbed soil in the field.

Remolded samples were used in the study. To simulate

various degrees of salt leaching of the clay, the soil saturated

with groundwater was used to represent an unleached clay

sample in the field, i.e., the “natural condition”. Salt leaching
was carried out by leaching the sample with deionized water

for different numbers of times, which is similar to the

conditions when irrigation water has infiltrated into the

clay several times. In this study, deionized water substituted

for irrigation water (Yellow River water has an extremely

low salinity, Table 1). Therefore, five groups of samples

were used: samples saturated with groundwater, with

Table 1 Chemical compositions of the clay, groundwater and the Yellow River water

Ion type Clay (mg/100 g) Groundwater (mg/L) Yellow River water (mg/L)

K+ 6.18 37.63 1.1

Na+ 201.95 8,827 26.36

Ca2+ 14.57 562.4 67.93

Mg2+ 2.46 1,090 18.78

Cl� 192.41 9,560 18

NO3
� 0 847 2.94

SO4
2� 70.33 10,591.6 52.48

HCO3
� 180.1 5.21 271.72

Total 668.86 31,520.84 459.31

Table 2 Physical properties of the clay

Particle density (KN/m3)

Particle size fraction (mm, %)

Liquid limit (%) Plastic limit (%) Plasticity indexClay (<0.002) Silt (0.002–0.075)

27.7 37 63 33 16 17

Table 3 Mineralogical compositions of the clay

Whole soil (%) Clay portion (%)

Quartz Plagioclase feldspar Calcite Dolomite Hematite Clay in total I/S I K C

27 5 16 3 4 46 50 32 9 9

Note: I/S Inter layered illite/smectite, K kaolinite, C Chlorite
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deionized water, and those leached 2 times, 4 times and 6

times, which were labeled as SG, SD, SL2, SL4 and SL6.

The leached samples were prepared following Tiwari

et al. (2005) and Wen and He (2012). Chemical analyses

for post-leaching fluid and the remaining salt within the soil

sample are presented in Table 4. Soluble salts within the

“natural condition” sample from both the groundwater and

dry soil samples was 12.36 mg/g. During the leaching pro-

cess, soluble salts were dissolved and leached away, and

Na+, Cl� and SO4
2�were the main type of ion compositions,

consistent with the chemical composition in the soil mass

(Table 1). The sample saturated with deionized water

contained 54 % of the soluble salts in the “natural condi-
tion”. After leaching 2, 4 and 6 times, 35, 24 and 17 % of

salts remained within the sample respectively. After

leaching, the obtained slurry was air-dried and powdered

for triaxial specimen preparation.

Testing Method and Specimen Preparation

A triaxial consolidated undrained (CD) test was adopted to

determine the sample’s shear strength. The triaxial specimens

were prepared followingBritish Standard Institution (BSI) BS

1377–8 (British Standard Institution 1990). The soil powder

was thoroughly mixed with groundwater and deionized water

to a water content of 5% and stored in a sealed container for at

least 24 h. The specimens were prepared by compacting the

humid soil in six layers to an initial length of 76 mm, a

diameter of 38 mm and a desired dry density of 1.76 g/cm3,

which was obtained from an undisturbed sample. A vacuum

saturation method was used to saturate the specimens. The

pore pressure parameter B in all the specimens reached more

than 95 %, indicating adequate saturation.

In the consolidation stage, filter-paper strips are used to

decrease the time required for consolidation, as suggested by

BSI BS 1377–8. At least 95 % of pore pressure was dissi-

pated. For each group of samples, four specimens were

consolidated at four confining pressures to define strength

envelopes, which were 100, 200, 300, and 400 kPa.

The rate of axial strain was estimated as 0.036 mm/min

based on the 100 % consolidation time according to BSI BS

1377–8. At this deformation speed, the pore pressure could be

equalized throughout the specimen at failure. And each spec-

imen was compressed to the maximum axial strain of 25 %.

Results

Shear Behavior

For the measured deviator stress, correction for filter-paper

strips and rubber membranes were applied in accordance

with BSI BS 1377–8. Figure 1 illustrates variation of the

deviator stress, pore pressure and the effective principal

stress ratio σ10/σ30 with the axial strain of different specimens

when the confining stress was 400 kPa. It could be seen that:

(1) all samples did not show a distinct peak deviator stress or

post-peak softening behavior, (2) the built-up pore pressure

first rose then decreased as shearing proceeded, with the

peak value occurring at an axial strain of 6–10 %, and (3)

the effective principal stress ratio σ10/σ30 presented a weak

post-peak decrease, with the peak value at an axial strain of

11–14 %. It should be stressed that the specimens under

confining stresses of 100, 200 and 300 kPa also presented

similar shear behaviors to those under 400 kPa.

Under the same confining stress, SG had the highest

deviator stress, which was gradually reduced in the speci-

mens in the order of SD, SL2, SL4 and SL6 (Fig. 1a), and also

in the order of loss of soluble salts. Moreover, the value of

σ10/σ30 was also highest in SG and gradually decreased in SD,

SL2, SL4 and SL6 (Fig. 1c). However, the excess pore water

pressure seemed to become greater as more soluble salts

were lost (Fig. 1b).

Variation of Deviator Stress and Pore Water
Pressure at Failure with Soil Salinity

As no peak deviator stress could be located in the stress–-

strain curves, the failure was defined by the maximum effec-

tive principal stress ratio, as suggested in BSI BS 1377–8.

The deviator stress and pore water pressure at failure were

plotted with the percentage of salts remaining within the

clay, as in Fig. 2.

At four levels of confining stress, the deviator stress

of the sample at failure significantly decreased as the

soluble salts reduced (Fig. 2a). The decrement of deviator

stress was 7–10 % in SD, compared with SG, which

were 19–21, 27–30 and 31–33 % in Sl2, SL4 and SL6
respectively.

Table 4 Ionic concentrations of the pore fluids and the remaining soluble salts

Sample

Ion concentration (mg/L) in pore fluid Soluble salts in soil

K+ Na+ Ca2+ Mg2+ Cl� SO4
2� HCO3

� Remaining (mg/g) % of remaining

SG 12.36 100

SD 6.69 54

SL2 2.6 159.0 4.0 0.8 135.0 85.5 125.0 4.33 35

SL4 2.4 91.9 2.5 0.8 8.6 9.2 237.0 2.96 24

SL6 1.5 46.2 2.2 0.6 1.2 1.4 131.0 2.09 17
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The pore water pressure at failure seems slightly

increased with decreased soil salinity (Fig. 2b). An incre-

ment of 1–9 % in pore pressure between SG and SD was

observed, which were 3–10, 4–16 and 6–18 % in Sl2, SL4 and

SL6 respectively compared with SG.

Effective Shear Strength Parameters

The effective shear strength parameters, effective friction

angle (φ0) and effective cohesion (c0) of the sample were

determined by Mohr stress circles based on effective stresses

at failure. The effective strength envelopes are presented in

Fig. 3, and the estimated effective shear strength parameters

are summarized in Table 5 and plotted with the percentage

of remaining salts in Fig. 4.

Sample SG presented the highest value of φ0, 31�. SD gave

29.7�, which was 4 % reduced from SG. Then with leaching

process repeated and the remaining salts within the sample

reduced, the value of φ0 continuously decreased, by 11 % in

SL2, 15 % and 17 % in SL4 and SL6 respectively, compared

with the natural condition. In Fig. 4a, the value of φ0

decreased almost linearly as the soluble salts content was

reduced from 54 to 24 %.
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The effective cohesion c0 also tended to decrease in the

order of soluble salts reduction (Fig. 4b). The reduction was

4, 8, 14 and 16 % in SD, SL2, SL4 and SL6, compared with SG
respectively. However, as the value of c0 varied between

10.4 and 12.3 kPa, the greatest variation in c0 from SG to

SL6 was no more than 2 kPa.

Discussions

As all the samples were subjected to the same test condi-

tions, and salinity was the only difference among them, the

variation in effective strength parameters as well as pore

water pressure and the deviator stress could be fully

attributed to the discrepancy in soluble salt content within

the samples.

Previous researches have proved soluble salts played a

crucial role in cementing clayey soil particles, and loss of

soluble salts would lead to disaggregation of coarse particles

(Di Maio and Fenelli 1994; Tiwari et al. 2005; Wen and He

2012). Particle size analysis reveals that the sample had its

initial clay fraction of 37 % increase to 44, 49 and 51 % after

65, 76 and 83 % of its soluble salts were lost in SL2, SL4 and

SL6 respectively (Table 6). As discussed by Di Maio (1996),

Moore and Brunsden (1996) and Sridharan and Prakash

(1999), due to loss of soluble salts, the pore water with

high salinity is diluted, and weakening the salt bonding

among individual clay particles causes an increase in the

thickness of their diffuse double layers, leading to increased

repulsive force and reduced Van der Waal’s attraction force

among clay particles.

Thus reduction in the effective friction angle φ0 would
result from an increased fine fraction and weakening of

inter-particle forces, as illustrated in Fig. 4a. And reduced

c0 should arise from weakening inter-particle or inter-

aggregate bonding. However, as reconstituted specimens

were used, the origin soil fabric and bonding between

particles could not be fully reconstructed, and the estimated

c0 should not represent the real cohesion between soil

particles in situ. And the reduction in c0 could only partly

reflect the weakening inter-particle forces resulting from

loss of bonding salts. Only 1.9 kPa of reduction in c0 was
observed in SL6 compared with SG, which could be

neglected in high normal stress.

On the other hand, since an increased clay fraction has

been produced as a result of disaggregation of coarse

particles when the bonding salts were leached, larger inter-

aggregate pores would be replaced by smaller ones due to

the averagely finer aggregates or clay clusters. Similar vari-

ation in soil after desalinization has been observed using a

SEM technique by Zhang et al. (2013). They found that the

void space within loess was smaller when saturated with

diluted NaCl solution than in one saturated with higher

concentration fluid. Consequently, the smaller voids would

lead to higher pore water pressures built under the same level

of confining pressure, and then reduction in overall shear

strength too. This illustrates that the pore water pressure

under undrained conditions was also influenced by water-

soil physical-chemical interactions.

Table 5 Effective strength parameters of the samples

Sample φ0 (�) c0 (kPa)
SG 31.0 12.3

SD 29.7 11.8

SL2 27.6 11.3

SL4 26.3 10.6

SL6 25.7 10.4
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Fig. 4 Variation in effective strength parameters φ0 (a) and c0 (b) with
percentage of remaining salts within the clay

Table 6 Physical properties of the leached samples

Sample

Particle size fraction (mm, %)

Clay (<0.002) Silt (0.002–0.075)

SL2 44 56

SL4 49 51

SL6 51 49
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According to the principle of Terzaghi’s effective stress,
under undrained shear conditions, the shear strength of clays

is defined as:

τf ¼ c
0 þ σ � uð Þ tanφ0 ð1Þ

in which τf is the shear stress on the plane, σ the stress

normal to that plane, u the pore water pressure, c0 the effec-
tive cohesion, and φ0 the effective friction angle.

As discussed above, for the salt-rich clay under undrained

conditions, both its effective shear parameters (c0 and φ0) and
pore water pressure (u) are influenced by the soluble salts

content of the clay, or in pore water. After leaching, reduc-

tion in shear strength of the clay should be a combination of

decrement in both its effective shear parameters (c0 and φ0)
and an increase in pore water pressure.

The above discussion indicates that fast-moving land-

slides in hilly areas with salt-rich clay may be prone to

movement where the salts of the clay have been leached by

infiltration of long-term rainfall or irrigation water, or where

the clay has a lower quantity of soluble salts, similar to slow-

moving landslides in clay or reactivation of such clay

landslides, as mentioned by many researchers (e.g., Moore

and Brunsden 1996; Tiwari et al. 2005; Wen and He 2012).

Conclusions

A series of triaxial CU tests was conducted on a salt-rich

clay collected from Huangci landslide after being leached

various times. The following could be concluded:

1. Under undrained shear conditions, the clay’s shear

strength decreased significantly with loss of salts.

2. The reduction in the clay’s shear strength could be

attributed to water-soil physical-chemical interactions

in two ways. One is that the effective friction angle

and cohesion of the clay were reduced due to loss of

bonding salts. The other is that higher pore water

pressure was built up during the shear process due to

increased clay fraction, leading to reduced effective

normal stress.

3. Fast-moving landslides with salt-rich clay may be

prone to movement where salts in the clay have been

leached by long-term rainfall or irrigation, or where

the clay has a lower quantity of soluble salts.
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Analysis of Engineering Geological Properties
of Sliding-Zone Soil in Large-Scale Landslides
in the Weibei Loess Tableland Area

Bin Li, Shuren Wu, Jusong Shi, and Zhen Feng

Abstract

Hipparion laterite exists extensively below the thick loess units on the northern bank of the

Weihe River in Shaanxi, and its engineering geological properties control the occurrence of

landslide hazards. Through hipparion laterite tests, this study shows the following: (1) the

clay content of hipparion laterite is high including expansive clay minerals, such as ascanite

or illite-smectite. The specific surface area values are as high as 262.9 m2/g. This property

is due to the expansive clay, and this indicates that the material is physically and chemically

active; (2) the hipparion laterite is characterized by micro-fissures, poor cementation, and

disintegration. Its natural gumbo-like state changes to a plastic or soft plastic state when

saturated and exhibits significant expansibility; (3) the natural intensity of hipparion laterite

is relatively high. Its cohesion and internal friction angle are greatly reduced when

saturated, and reduction from peak to residual shear strength is 47–63 %. Therefore, for a

slope structure of thick loess, hipparion laterite, and bedrock, the strength of hipparion

laterite greatly decreases under the effect of underground water. It then becomes a weak

layer in high and steep slopes, forming shear zones that control the development and

distribution of landslides in the Weibei loess tableland area.

Keywords

Hipparion laterite � Sliding zone � Engineering geological properties � Landslide

Introduction

There are two sets of strata under the thick loess layer of the

Weibei tableland in Shaanxi Province. One set consists of

red clay sediments in which hipparion fauna have been

discovered; thus, it is also called “hipparion red clay” (Liu
et al. 1985; Yue 1996; Peng and Guo 2007). The other set is

a lacustrine facies sedimentary strata of grayish yellow,

grayish green, and red clays, sandy clay and gravel. They

are referred to as ancient Sanmen Lake deposits

(Wang et al. 1959; Sun 1986; Wang et al. 1999; Wang

et al. 2001). There are some disputes about the ages and

origins of these two sets of strata; however, in general, they

are thought to be transitional from the end of the Pliocene

Epoch to the Early Pleistocene (Pei and Huang 1959; Liu

and Zhu 1959; Xue 1981). He et al. (1984) and Yue (1996)

concluded that there were no monsoons during the Pliocene

Epoch and that the climate was relatively moist. Thus,

lacustrine facies materials were deposited in the basin of

ancient Sanmen Lake and hipparion red clay accumulated

outside the basin; thus, contemporaneous sediments with

different facies were formed. At the initial stage of the

Early Pleistocene, the global climate became cold and the

modern pattern of the East Asian monsoon was formed.

Because of these events, suitable formation conditions for

widely distributed hipparion red clay ceased to exist.

Sanmen Lake Basin shrank and the dust material carried
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by the monsoons (loess) was deposited extensively over

northern China. It accumulated toward the middle of the

lake in a chasing form along the edge of Sanmen Lake

Basin. When Sanmen Lake disappeared, loess fully covered

the tableland. Due to the limited Quaternary sediment cov-

erage and geographic restrictions, limited research has been

conducted on these two sets of strata.

In recent years, through detailed surveys on the geologic

hazards in the loess area in the Guanzhong western region of

Shaanxi Province, the authors found slip bands of large-scale

landslides in the strata of the hipparion red clays and deter-

mined that its physical and mechanical properties directly

controlled landslide occurrence (Qu et al. 1999; Li et al.

2011, 2012). Therefore, this paper analyzes the material

composition, microstructure, physical and mechanical

properties of hipparion red clays on the north bank of the

Weihe River in Baoji, Shaanxi, to report its engineering

geological properties and its influence on geological

hazards.

Material Composition and Structural Features
of Hipparion Red Clay

Particle size distribution and clay mineral and cement

compositions of hipparion red clay determine its engineering

geological properties. Different compositions of clay

minerals, especially differences in the montmorillonite con-

tent, directly determine the physicochemical properties of

this clay and thus its corresponding engineering properties.

Material Composition

1. Particle-size distribution of stiff clay

Particle-size analysis results via the pipette dispersion

method show that the hipparion red clay of Baoji is generally

characterized by high clay content (Table 1). Samples from

different spots in the research area (<0.005 mm) show the

clay content to range from 37 to 55 %, with the lowest clay

content being 37.12 %. The average colloidal grain

(<0.002 mm) content ranges from 30 to 48 %. The clay’s
specific surface area was measured by using the ethylene

glycol monoethyl ether polar organic molecules adsorption

method. The results show the specific surface area mean

values to be 205 m2/g with a minimum value of 151.2 m2/g

and the highest value is 262.9 m2/g. The variations in clay

content correlate with the montmorillonite content and spe-

cific surface area of the clay.

Mineral Composition

Using X-ray diffraction analysis, quantitative tests for clay

minerals were completed via the following three treatment

methods: (1) orientation of sample pieces in a <2 μm clay

particle suspension; (2) orientation of sample pieces in a

<2 μm clay particle suspension treated in ethylene glycol;

(3) orientation of sample pieces in a <2 μm clay particle

suspension heated at 550 �C for 2 h (Środoń et al. 2001;

Kahle et al. 2002; Zhang and Qu 2004). The mineral test

results (Table 2) show that hipparion red clay has a character-

istic mineral assemblage dominated by Ca-montmorillonite

Table 1 Test results of material composition and physicochemical properties of hipparion laterite

Sample

Particle size fraction (mm) (%)

Activity

index (%)

Montmorillonite

content (%)

Specific

surface

area (m2/g)>0.075 0.075–0.005 <0.005 <0.002

Hipparion

laterite

0.08–3.41

(1.54)10

45.02–62.71

(55.2)10

37.12–54.40

(43.3)10

30.24–48.04

(37.1)10

0.43–0.79

(0.65)10

18.61–27.56

(21.7)10

151.2–262.9

(205)10

Note: Data in parentheses are average values, while the subscript outside the parentheses is the number of analyses

Table 2 Quantitative analysis results of minerals in hipparion laterite

Sample Clay content <2 um (%)

Clay mineral relative content (%)

I/S mixed-layer ratio (%)

Clay mineral absolute content (%)

I I/S C K I I/S C K

1 38.19 26 67 – 7 40 9.93 25.59 – 2.67

2 37.90 15 75 3 7 55 5.69 28.43 1.14 2.65

3 32.99 17 72 4 7 45 5.61 23.75 1.32 2.31

4 36.08 19 72 3 6 45 6.86 25.98 1.08 2.17

5 38.48 18 76 2 4 55 6.93 29.25 0.77 1.54

6 31.87 21 69 4 6 40 6.69 21.99 1.28 1.92

7 35.04 22 63 7 8 40 7.71 22.08 2.45 2.80

8 42.48 31 55 – 14 70 5.22 33.98 – 2.55

Note: I/S illite–montmorillonite mixed-layer minerals, I illite, K kaolinite, C chlorite
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with clay particles consisting of illite and kaolinite (Fig. 1).

Montmorillonite mainly exists in a mixed layer form with

medium and high illite/montmorillonite ratios. The mixed

layer ratio ranges from 40 to 70 %, the relative content ranges

from 55 to 75 %, and the absolute content ranges from 21.99

to 33.98 %. The relative content of the auxiliary mineral illite

ranges from 15 to 31 % and the relative content of the

concomitant kaolinite ranges from 4 to 14 %. A small amount

of chlorite also exists in the clay.

Montmorillonite and mixed-layer illite/montmorillonite

belong to the swelling clay minerals category, which have

high internal and external specific surface areas and exhibit

strong physical and chemical activity. The test results show

that the effective montmorillonite content in the hipparion

red clay ranges from 18.61 to 27.56 %, with an average

content of 21.70 %, a mean value of the specific surface

area of 204.7 m2/g, and the highest value reaching

262.9 m2/g. These results are consistent with those for

swelling clay. The relationship between the montmorillonite

content and specific surface area shows a weakly positive

correlation (Fig. 2).

Microstructure

The clay mineral content in hipparion red clay is high with

the clay minerals dominated by montmorillonite or mixed-

layer minerals of medium and high illite/montmorillonite

ratios. The kaolinite content is low and has few granular

accumulation structures. Scanning electron microscopy

results (Fig. 3) show that the microstructure types are mainly

flocculent, cementation, and turbulent flow structures. In the

structural grillwork, micropores or microcracks are rela-

tively well developed and can provide channels for water

infiltration. When water infiltrates, montmorillonite and

illite clay tablets that are closely superimposed in “side-
surface” and “surface–surface” forms will absorb water

and the hydration shell will thicken and swell. Conversely,

when water evaporates and is lost, the clay tablets will

reduce and shrink. Therefore, hipparion red clay is

Fig. 1 X-ray diffraction curves of hipparion laterite. ① Natural sam-

ple; ② sample after treatment with ethylene glycol; ③ sample after

heat treatment at 550 �C (a) Sample 2—hipparion laterite in the Xiashi

gully. (b) Sample 4—hipparion laterite in the Hulu gully
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Fig. 2 Relation between smectite content and specific surface area in

hipparion laterite

Fig. 3 Microstructural features of hipparion laterite
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characteristized by dilatation and easily forms microcracks

or micropores.

Engineering Geological Properties of Hipparion
Red Clays

Physical Properties

1. Physical properties

Table 3 shows test results pertinent to the physical

properties of hipparion red clays. The natural water con-

tent of hipparion red clays ranges from 12.10 to 20.46 %

with a mean value of 16 %, so it may be classified as

having medium water content. The natural density ranges

from 1.98 g/cm3 to 2.13 g/cm3 having a mean value of

2.07 g/cm3. The dry density ranges from 1.64 g/cm3 to

1.90 g/cm3 having a mean value of 1.77 g/cm3. The void

ratio ranges from 0.40 to 0.59 having a mean value of

0.50. Compared to mudstone from the Miocene Epoch,

the density is lower, which indicates that solidification is

poorer. The high water content and low density imply that

hipparion red clays have low strength. The liquid limit of

hipparion red clays ranges from 36.70 to 57.30 % with a

mean value of 44.10. The plasticity index ranges from

17.83 to 33.00 having a mean value of 23.30 and the

liquidity index ranges from �0.50 to 0.10, with a mean

value of �0.21. This indicates that in their natural state,

hipparion red clays behave like gumbo clays but change

to a plastic or soft plastic state after saturation with water.

2. Swelling properties

Williams’ internationally-adopted diagramming method

for determining swelling power divides swelling power

into low, medium, strong, and extremely strong swelling.

It is a generally accepted measure of clay swelling and is

appropriate for practical applications. Using the

William’s diagramming method, we show in Fig. 4 that

the Pliocene clay of the Sanmen Formation has medium

to strong swelling power.

3. Disintegration properties

Samples were either dried under a constant temperature

of 105 �C or left with their natural water content and then

put into containers filled with clear water for testing. The

process by which the test blocks fragmented in water is

then observed and we show that the disintegration

properties of hipparion red clays are extremely strong in

both its dry and natural states. The disintegration speed in

the dry state is faster, and its disintegration durability is

quite low. All dry samples of hipparion red clay

disintegrated within 1 h and the natural samples

disintegrated within 6 h. From previous tests, we know

that the clay minerals of hipparion red clays are

dominated by minerals characterized by strong

hydrophilism and swelling power, such as montmorillon-

ite or mixed layer illite/montmorillonite, as well as para-

genetic associations of illite, kaolinite, and chlorite. As a

result, its degree of cementation is low and fractures and

microcracks are often present. Therefore, when water

infiltrates these pores or cracks, a capillary film of fine

particles will thicken and cause swelling of the soil mass.

Thus, nonhomogeneous stress will develop in the soil

Table 3 Test results of physical properties of hipparion laterite

Sample

Water

content

(%)

Bulk

density

(g/cm3)

Dry

bulk

density

(g/cm3)

Void

ratio

Liquid

limit

(%)

Plastic

limit

(%)

Plasticity

index

Liquidity

index

Free

swelling

ratio (%)

Hipparion

laterite

12.10 1.98 1.64 0.40 36.70 17.7 17.83 �0.50 58

– – – – – – – – –

20.46 2.13 1.90 0.59 57.30 24.30 33.00 0.10 77

(16.0) (2.07) (1.77) (0.50) (44.1) (20.8) (23.3) (�0.21) (65)

Note: Data in parentheses is the average value

Fig. 4 Differentiation diagram for the expansion trend of hipparion

laterite
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mass and some cements will be diluted, softened, or

dissolved and then the soil mass will disintegrate.

Mechanical Properties

Next, we performed direct shear tests for hipparion red clays

under both natural and saturated states using the slow shear-

ing rate of 0.02 mm/min. The effective normal stresses were

100, 200, 300, and 400 kPa. Each soil sample was sheared

five times with a shear displacement of 8 mm each time. The

first peak value was selected as the peak strength of slow

shearing and the 5th stable value was chosen as the residual

strength. Table 4 presents the test result for the shear

strengths of hipparion red clays. Figure 5 shows the shear

strength-shear displacement curve of the test sample, and

Fig. 6 shows the shear strength-normal stress curves for

hipparion laterite.

The analysis explained earlier shows:

1. The shear strength- displacement curves of hipparion red

clays under natural and saturated states exhibit the

behaviour of soft clay. After the peak point, there is no

obvious reduction in stress.

2. According to the direct shear test results, under natural

water content conditions, the strength of hipparion red

clays are relatively high but after saturation both the

cohesion and the internal friction angle greatly decrease.

The residual strength under both states is low and the

cohesion decreases by two-thirds. For a sequence of thick

loess, hipparion red clay, and sloped bedrock under a

long-term effect of underground water, the strength of

hipparion red clay will reduce rapidly, weak strata will

appear in the slope and finally slip bands will form by a

long-term creep deformation.

Discussion

1. Relationship between engineering geological properties

of hipparion red clays and weak strata development

According to the material composition and physical test

results on hipparion red clay, hipparion red clay has high

clay content, and the clay mineral composition is

dominated by montmorillonite and illite. As a result, its

specific surface area and cation exchange capacity are

high. When the clay is affected by water, the surface of

clay minerals characterized by strong hydrophilism will

absorb water to form an adsorption layer and will attract

cations and hydration cations to form a diffused double

layer. Thus, hipparion red clays have strong swelling

properties. In terms of the microstructure, clay

minerals are often superimposed in “side-surface” and

“surface–surface” arrangements, which allow micropores

to develop in the structure. This creates favorable micro-

structure conditions for clay swelling. Therefore, the clay

swells easily when absorbing water and shrinks after

losing water. Under the effects of long-term dilatation,

the clay macrostructure will develop fractures and reduce

in strength. Thick loess layers will press and shear these

strata, and thus weak strata will form in the slope. Finally,

interlayer shear zones will appear.

2. Strength attenuation of hipparion red clays and landslide

evolution

According to mechanical analyses of hipparion red clays,

the clay has peak strength, τp, and residual strength, τr,
before and after destruction, respectively. When the nat-

ural slope is in an equilibrium state, the hipparion red clay

containing slip bands is at its peak strength. During slope

instability, its strength will reduce rapidly until reaching

its residual strength. There is a value of difference, Sh,

between the peak and residual strength (Hu 1995), which

Table 4 Major shearing strength indexes of hipparion laterite

Test conditions

Peak strength Residual strength

C/kPa ϕ(�) C/kPa ϕ(�)
Natural state 115.1 34.3 48.9 21.2

Saturation state 75.6 26.4 29.4 15.6
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Fig. 5 Shear strength-shear displacement curve for hipparion laterite

(saturated state)
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Fig. 6 Shear strength-normal stress curve for hipparion laterite

(saturated state)
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can be expressed as

Sh ¼ τp � τr
τp

¼ Δτ
τp

:

According to the shear envelopes of peak and residual

shear strengths of hipparion red clays, the difference

between the peak and residual strengths under natural

and saturated states is large. According to the formula

for Sh, the difference in values between the peak and

residual strength of hipparion red clays under its natural

state ranges from 32 to 40 %, while under a saturated

state, Sh ranges from 47 to 63 %. The reduction in

strength is apparent. Under long-term irrigation or rain-

fall infiltration, hipparion red clays may be located below

the water table. As a result, thin hipparion red clay layers

will gradually saturate and their strength will reduce.

From the squeezing action of thick loess layers, creep

and shear deformation will occur and interlayer shear

zones will form gradually. When its shear strength

reduces to a certain level, sudden large-scale deformation

of the slope will occur and landslides will take place.

Therefore, the strata location and strength of hipparion

red clays directly affects the deformation and instability

of the slope.

Conclusion

This study primarily analyzed the relationship between

the engineering geological properties of hipparion red

clays in Baoji of Shaanxi and landslide occurrence.

1. The test analyses show that the hipparion red clays

with developed cracks have high clay content and

contain a large amount of montmorillonite and other

swelling clay minerals. They are characterized by

strong physical and chemical activity, a low degree

of cementation, low strength, and swelling power.

These characteristics provide the material basis for

characterizing its engineering geological properties,

and they also determine its low mechanical strength.

2. The strength test shows that there is a large difference

between the peak value and residual strength in

hipparion red clays. Under the effect of underground

water, its strength parameters greatly decrease. There-

fore, during irrigation periods or rainy seasons, surface

water seeped through infiltration in the loess causes a

decrease in the strength of the underlying hipparion

red clay. Thick sloped loess layers presses and shears

the thin hipparion red clay layers at the bottom and the

slope slides. This is the main cause of landslides in the

loess hill and edge areas of the Guanzhong western

region.
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Dynamic Centrifuge Modelling Tests for Sliding Rock
Slopes

Xianglong Li, Joseph Wartman, Huiming Tang, Jinkai Yan, Hongming Luo,
and Wei Hu

Abstract

Sliding rock slope models with intermittent rock planes and secondary rock joints are built

of synthetic material, and tested in a centrifuge testing system to study the failure process of

rock slopes during an earthquake. The models are made of synthetic material containing

gypsum, sand and pure water with certain mix ratio through strictly controlled casting

procedure. New methods are invented to build the bedding planes with full contact and no

gaps; special casting method is invented to add unbroken bedding plane parts inside each

bedding plane. The results of the dynamic centrifuge tests reveal that the secondary rock

joints inside the rock slope serve to weaken the dynamic stability of the sliding rock slope

significantly, and could affect the dynamic failure mechanism of the slopes, making the

rock layers collapse into smaller rock masses during sliding along the bedding planes.

Keywords

Rock slope � Bedding plane � Secondary rock joints � Dynamic � Centrifuge modelling test

Introduction

Seismic-induced rock slope failure is one of the most com-

mon and dangerous seismic-induced geo-hazard all over the

world. Among them the sliding rock slope failure is the most

common type. Sliding rock slope, whose safety is mainly

controlled by its rock bedding planes and secondary rock

joints inside, could generate dynamic sliding failure along

the bedding planes inside the rock slope during earthquake

and other seismic events. Numerous researches involving

the failure mechanism of sliding rock slope under seismic

load were carried out; however, most of them were post-

event site investigations, and the research conclusions and

results are made based on the site characteristics of some

certain rock slope failure scenes. Theories were brought out

based on simple sliding mechanism with barely any

considerations of rock joint structure properties, which hap-

pen to control rock slope stability. An earthquake event

usually happens suddenly, and is not predictable, so it is

nearly impossible to witness or monitor the whole process

of the rock slope failure during the earthquake. Therefore,

data for rock slope dynamic failure process is very rare and
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could not meet the research requirement. Physical modelling

tests can make up for this deficiency, and dynamic centrifuge

modelling is one of the potential testing methods for rock

slope dynamic failure mechanism research (Hoek 1965;

Joseph et al. 1988).

Sliding rock slope contains both rock bedding planes and

a large number of secondary rock joints inside the rock

masses. The secondary rock joints are usually orthogonal

to the bedding planes. These two major groups of rock joints

are usually not completely penetrating, but are intermitted

many unbroken parts inside. These unbroken parts play an

important role in maintaining the slope stability, but have

not been studied properly. Most of the research works

neglect the existence of these unbroken parts inside rock

joints and the effect of the secondary rock joints on slope

stability (Dong et al. 2011; Li et al. 2007). Zhang et al.

(2007) added secondary rock joints in the toppling layered

rock slope physical model, and studied the failure process of

the slope under static condition, but considered no seismic

loads.

In this paper, a new method is invented to build the

bedding planes with full contact and no gap. A special

casting process is used to add unbroken parts inside each

bedding plane. Two different rock slope physical models

containing intermittent rock planes and secondary rock

joints are built of synthetic material, and are tested in a

centrifuge testing system under dynamic loads, to study the

dynamic failure behaviour of the sliding rock slope, and the

effect of the secondary rock joints on the dynamic stability

of the rock slope.

Sliding Rock Slope Physical Model Building

Synthetic Rock Material

The synthetic rock material used in this series of test is made

of gypsum, fined grained sand, and pure water, with a mass

ratio of 1:0.6:0.4. Through proper casting process, the mate-

rial can reach its steady condition and is ready to be cut and

tested.

In order to obtain the properties of this synthetic material,

basic mechanical tests are carried out, including uniaxial

compression test, Brazilian test, and Mode I fracture

toughness test. The material properties are listed in Table 1.

Noticeably, the synthetic material is comparable to natural

sandstone, except that the elastic modulus is lower than

natural sandstone, while the Mode I fracture toughness is

higher.

Fully Contacted Rock Bedding Plane

The synthetic rock bedding plane should be able to simulate

two major properties of the natural plane: the broken parts of

the bedding plane should be in full contact with no gaps and

the unbroken parts of the bedding plane should maintain

tensile and shear strength that are comparable with the

natural unbroken bedding plane. In order to meet such

requirements, a brand new casting method is designed and

tested to make a synthetic rock bedding plane with ‘closed’
broken parts and unbroken parts whose strength is about

15 ~ 20 % of the intact synthetic rock material. The basic

concept of this new casting method is to mould one piece of

the rock bedding plane first, then smear some special paint-

ing material as a shield to cover the plane surface where the

broken part is designed to be located, in order to prevent

cementing on these parts of plane surface in the next casting

process; finally, the other piece of the plane is moulded

together with the first piece to form one fully contacted

rock bedding plane with no gap between each piece. Lard

refined from pork is used as the shield during casting. The

lard behaves as solid fat in temperatures under 20 ºC, and

melts when the temperature rises beyond, creating the rock

plane with no gap after setting.

Through this casting process, the parts with lard shield

will have no gaps, no tensile strength, but only a controllable

surface roughness and frictional function, and the parts with

no lard shield will cement together, with low tensile and

shear strengths.

Figure 1a shows the sythetic rock brick sample with one

single rock bedding plane across the body. The center of the

plane contains one part of the fully contacted broken plane,

and the rest of the plane on each side is unbroken. In order to

test the applicability of the rock bedding plane casting

method, a group of such rock brick sample are cast and

tested to fail under uniaxial compressive load, and one of

the failed sample is shown in Fig. 1b. As dipicted in the

Table 1 Comparison of the synthetic material properties to natural sandstone

Material properties Synthetic material Natural sandstone

Density (kg/m3) 1,900 2,200

UCS (MPa) 68.99 70

UTS (MPa) 4.33 5

Elastic Modulus (GPa) 13.29 30

Poisson’s Ratio (1) 0.25 0.30

Shear wave velocity (km/s) 2.00 2.30

Mode I Fracture Toughness (MPa/m–0.5) 0.95 0.68
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figure, the central broken bedding part generated two wing

fractures from two tips, and propagated toward the direction

of the maximum stress (compressive); the original unbroken

parts of the rock plane failed in shear afterwards. This test

prove that the synthetic bedding plane behaves properly. The

basic mechanical properties of the synthetic rock bedding

plane are tested and listed in Table 2.

Sliding Rock Slope Physical Model

Two different types of sliding rock slope physical models

were made by using the casting method described above.

Both slopes share the same profile, with a height of 20 cm, a

thickness of 5 cm, and a bottom length of 25 cm. The slope

surface dipping angle is 75�. Both slopes contain five rock

layers with a uniform thickness of 2 cm, and a dipping angle

of 45� (Figs. 2 and 3). The slope named as Slide_1 has

Table 2 Basic mechanical properties of the synthetic rock bedding plane

Bedding plane type Frictional angle (�) Cohesion (kPa) Mode I fracture toughness (Mpa/m–0.5)

Broken parts 32 2.0 N/A

Unbroken parts 41 85 0.67

Top

Bottom

Top

Bottom

25cm

20cm
45¡ã

25cm

20cm

45¡ã

Accelerometer

Slide_1 Slide_2

Fig. 2 Schematic diagram of the

sliding slope models Slide_1 and

Slide_2

Fig. 3 Two types of sliding rock

slope Physical model (a) Slide_1

slope (b) Slide_2 slope

Fig. 1 Experimental test of the synthetic rock brick sample with

bedding planes inside (a) Synthetic rock brick with fully contacted

rock plane inside (b) Synthetic rock brick after compressive failure
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intermittent rock bedding planes inside, but with no second-

ary rock joints; while the slope named as Slide_2 has inter-

mittent rock bedding planes exactly the same as Slide_1, and

orthogonal secondary rock joints inside. The secondary rock

joints are made 17 mm long, a little shorter than the thick-

ness of each rock layer, leaving a 3 mm of rock linkage.

Dynamic Centrifuge Test

The centrifuge testing system called Schaevitz in the Uni-

versity of California Davis is used to test the two slope

models. The testing gravity is 40 g. According to the param-

eter scaling rules of centrifuge test, the prototype shape of

the two slopes are 40 times larger than the model shape, that

is, 8 m tall and 10 m long.

Monitoring system is installed into the testing system,

including high speed cameras, accelerometers on the slope

and the model holding box.

In order simulate the seismically induced failure of the

slope models, a harmonic sine wave motion with constant

frequency and ramping amplitude is introduced to the testing

system. The parameters of the input wave are shown in

Table 3. According to the scaling rules, the maximum ampli-

tude of the input wave reaches 10 g in prototype scale, which

is high enough to fail both physical models. However, the

real input motion loaded to the models is not always the

same as designed, due to the limitation of the motion

acturator capacity of the centrifuge system. The actuator,

drived by high pressure gas, has certain limits on shaking

frequency and amplitude. The higher the gravity utilized, the

narrower capacity the actuator has. Therefore, motion

adjustment must be done before carrying out the tests. Fig-

ure 4 shows the designed input motion (black curve) and the

real input motion (red curve) for the two slope tests under

40 g environment. As it is shown, the real input motion is

very different from the designed motion. In spite of this, the

real input motion is still high enough to fail both slope

models, and it would be unnessessory to adjust the designed

input motion.

Results Analysis

The acceleration time history recorded by the

accelerometers on the top and bottom of each slope is

drawn in Fig. 5 (for Slide_1) and Fig. 6 (for Slide_2), in

which the black curves represents the acceleration time

history on the bottom, and the red curves represents the

acceleration time history on the top.

As shown in these two figures, the acceleration on the top

of the slopes is larger than on the bottom, which proves

obvious topographic amplification effect. Moreover, the

amplification effect tends to magnify as the amplitude of

input motion ramps.

In Figs. 5 and 6, both acceleration records on the top of

slope change aggressively at certain time point, which indi-

cate the occurence of the slope failure events; the Slide_1

slope failed at 1.25 s, with the acceleration of 177 g (in

model scale) on the slope top; the Slide_2 slope failed at

1.08 s with the acceleration of 118 g (in model scale) on the

slope top. This difference between the two models shows

that the presence of secondary rock joints inside sliding rock

slope could weaken the dynamic stability of the slope

significantly.

Table 3 Input dynamic wave parameters for slope dynamic tests

Scale Amplitude (g) Frequency (Hz) Time duration (s)

Model 0 ~ 400 120 2.5

Prototype 0 ~ 10 3 100
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Fig. 4 Comparison between the designed input motion and the real

input motion for slope dynamic tests
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The slope failure process, recorded by high speed

cameras, also shows obvious differences between Slide_1

and Slide_2. The Slide_1 slope generally failed along the

lowest (the fifth) bedding plane, and the body slided down as

one intact rock piece. After the slipping rock brick hit the

bottom of the model holding box, it collapsed along rock

bedding planes inside and seperated into five rock layers, but

each the rock layer still remained in one piece (Fig. 7).

The Slide_2 Slope failed along the forth bedding plane,

leaving the bottom rock layer unbroken and still attached to

the slope base. Moreover, before the forth bedding plane

started to slide, multiple secondary rock joints inside rock

layers had propagated and caused internal damage to the

rock mass. During sliding along the forth bedding plane

and before the collision to the loading box, the upper rock

mass had already collapsed into smaller rock bricks due to

the cutting through of multiple secondary rock joints

(Fig. 8).

The two tested sliding rock slope models share identical

shape of slope, material properties, bedding plane

characteristics, and dynamic test procedure. The only differ-

ence between the two tests lies on whether the model has

secondary rock joints inside. Therefore, we can conclude

that the existence of secondary rock joints is the cause for

the difference in the failure process of the two tested models.

The existence of the secondary rock joints makes the rock

mass structure more complex, and weakens the rock mass

strength as a whole, which results in the decrease of the rock

slope dynamic stability. Moreover, the increased complexity

of the rock mass structure can significantly change the

dynamic property of the rock mass, including the elastic/

plastic deformation properties, the stress wave propagation

characteristics, and the dynamic damping characteristics, all

of which would then effect the dynamic response of the rock

slope, including the failure process. In addition, the exis-

tence of secondary rock joints can serve as potential rock

mass failure path, changing the sliding rock slope failure

mode from pure bedding plane failure to step path failure

with the interconnected of secondary rock joints and rock

bedding planes in different rock layers. The conclusions

above could be the reason Slide-1 slope (with no secondary

rock joints) failed along the lowest bedding plane, while the

Slide-2 slope (with secondary rock joints) broke into rock

bricks during the failure process and slid along the forth rock

layer.

Conclusions

Sliding rock slope models with intermittent rock planes

and secondary rock joints are built from synthetic mate-

rial, and tested in the centrifuge. The results of the centri-

fuge dynamic tests reveal that: the unbroken parts inside

rock bedding planes contribute greatly to the stability of

sliding rock slope; the secondary rock joints inside the

rock slope serve to decrease the dynamic stability of the

rock slope significantly and could affect the dynamic

failure mechanism of the slopes, making the rock layers

collapse into smaller rock masses before and during slid-

ing along the bedding planes.

Acknowledgments This research work is funded by the National

Science Foundation No. 1156413 of United States Government, with

Joseph Wartman as principal investigator.

References

Dong JY, Yang GX, Wu FQ et al (2011) The large-scale shaking table

test study of dynamic response and failure mode of bedding rock

slope under earthquake. Rock Soil Mech 32(10):2977–2983

Hoek E (1965) The design of a centrifuge for the simulation of gravita-

tional force fields in mine models. J S Afr Inst Min Metall 65

(9):445–487

Joseph PG, Einstein HH, Whitman RV (1988) A literature review of

geotechnical centrifuge modeling with particular emphasis on rock

mechanics. DTIC Document

Li HB, Xiao KQ, Liu YQ (2007) Factor of safety analysis of bedding

rock slope under seismic load. Chin J Rock Mech Eng 26

(12):2385–2394

Zhang G, Zhao Y, Shi GH et al (2007) Toppling failure simulation of

rock slopes by numerical manifold method. Chin J Geotech Eng 29

(6):800–805

Fig. 7 Failure condition of Slide_1 slope

Fig. 8 Failure condition of Slide_2 slope

Dynamic Centrifuge Modelling Tests for Sliding Rock Slopes 79



Changes in Shear Strain and Subsurface Flow Prior
to Rainfall-Induced Landslide in Flume Experiments

Yasuhiko Okada

Abstract

Two shallow landslides were induced in a large-scale model slope by artificial heavy

rainfall, in which the heights of sand layers were set at 0.7 and 0.5 m. A total of 2,931 s

of rainfall produced a relatively large landslide in a whole steep slope section in the 0.5 m

high sand layer. On the contrary, only a small landslide was produced by a total of 4,000 s

of rainfall in the lower half of a steep slope section in a sand layer that was 0.7 m high.

Changes in shear deformation and subsurface flow were monitored in the experiments.

By tracing the movements of markers imbedded inside the sand layers, the changes in

shear strain were analysed and expressed in a form of Mohr’s circle. In addition, by

approximating the equi-potential lines from the observed data of pore-water pressure, the

changes in subsurface flow directions were calculated. It has been shown that, although the

sand layers were packed to be uniform, the observed shear deformation and subsurface flow

conditions were not homogeneous; just before the landslide initiation, water tables were

formed in almost all slope sections, but a sliding surface was not necessarily formed below

the water table. Directions of maximum shear strain and subsurface flow were more in

general agreement with the direction of slope base in the parts inside the landslide,

indicating their possible influence on the landslide initiation.

Keywords

Rainfall-induced landslide � Shear strain � Subsurface flow

Introduction

In order to investigate the mechanisms of rainfall-induced

landslides, large-scale model slopes have been used to induce

shallow landslides. Fukuzono (1978) used a 10-m long, 4-m

wide model slope and proposed a prediction model indicating

that the initiation time of rainfall-induced landslides was a

function of inverse shear velocity. Iverson and LaHusen

(1989) pointed out that pore-water pressureswere dynamically

fluctuating during the rapid shearing at failure. Okura et al.

(2002) explained that the excess pore-water pressure genera-

tionwas induced by the negative dilatancy followed by the fast

shearing. Those studies focussed on the behaviour during

failure. Details of shear strain and subsurface flow prior to

failure were not as well examined and clarified. Because it is

difficult to adequately scale the cohesive stresses and the

stresses associated with deformation within the continua, in

this study a large-scale model slope was used, in which atten-

tion was paid to the subsurface flow conditions and shear

deformation before failure initiation.
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Experiments on Rainfall-Induced Landslides

Sample and the Model Slope

River sand was used. This material was excavated from the

Sakuragawa River in Tsukuba city, Ibaraki prefecture, Japan.

The density of sand particles was 2,620 kg/m3, the mean

diameter (D50) was 0.50 mm, the uniformity coefficient

(Uc) was 4.31, and the coefficient of curvature (Uc’) was
0.93. Two experiments were conducted, in which Experiment

1 was in a sand layer 0.7 m high (void ratio, e0 ¼ 0.79) and

Experiment 2 in a layer 0.5 m high (e0 ¼ 0.76).

A schematic illustration of the large-scale model slope is

shown in Fig. 1. In Fig. 1, the positions of pore-water pressure

transducers and markers, axes to calculate the strain, and the

angle of descent to the slope base are also shown. The model-

slope is 1 m wide, and consists of three parts, a gentle slope

(10�) section that was 4m long, a steep slope (32�) of 4m, and

a horizontal section of 1 m, in total 9 m long. The sample was

loosely placed in the model slope by gently dropping sands

through a mobile hopper. The sand layers were packed as

uniform as possible. The rain simulator, which was equipped

with nozzles at five locations all 6.4 m above the floor along

the model slope, produced uniform rainfall at an hourly

intensity of 100 mm in the experiments. One side of the

model slope is made of reinforced glass, making it possible

to film the landslide movement using digital video cameras.

Monitoring and Data Acquisition

The changes in pore-water pressure were measured by pres-

sure transducers (strain-gauge type, 18 mm in diameter,

83 mm long, range 70 kPa, accuracy ¼ 0.015 %). These

transducers were configured tomeasure positive and negative

pore-water pressure by using a water-filled gap between the

sensor and a glass filter cap ported to the sand. A calibration to

check the linearity of the pressure was conducted by sinking

the transducers to depths of 0.1, 0.5, and 1 m in water before

situating them in the sand-layer in each experiment. During

the landslide experiments, the transducers moved together

with the sand until final deposition. The data were logged by a

PC at 100 Hz.

In addition, the shear deformation was monitored by digital

video cameras that traced the movement of markers imbedded

in the sand layers. The markers were of cylindrical shape

(30 mm long, 16 mm in diameter). One bottom side of each

marker was adjacent and visible through the reinforced glass.

Five time-code indicators were set around the model-slope to

show the elapsed time, with a resolution of one hundredth of a

second. The digital video cameras were situated so that they

could film the time-code indicators. Using this system, the

pore-water pressure and filmed images could be synchronised

in the analysis.

Results and Discussion

Subsurface Flow Conditions

The changes in equi-potential lines before failure initiation

are shown in Fig. 2, at (a) 500 s, (b) 300 s, (c) 60 s, and (d) 1 s

before slope failure in Experiment 1, and (e) 1 s before slope

failure in Experiment 2. In Fig. 2d and (e), approximate

sliding surfaces of the first landslide are also shown by

dotted lines.

The equi-potential lines were generally horizontal in (a),

then the lines changed in shape and crossed the slope base at

larger angles with the increase in precipitation time. Water

tables firstly formed around the connection between steep and

gentle slope sections and the horizontal section, and they

enlarged as precipitation timewent on. Just before the failure,

the water tables formed in almost the whole slope sections in

(d) and (e).

Fig. 1 Schematic illustration of a

large-scale model slope showing

pore-water pressure transducer

and marker positions, axes to

calculate the strain, and the

descending angle to the slope

base
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Shear Deformation in Sand Layer

Strain was calculated assuming the plane strain conditions,

in which shear strain (γhv / 2), normal strain in v-direction
(εv), and normal strain in h-direction (εh) were as follows:

ΔVi ¼ ∂V
∂v

� Vi þ ∂V
∂h

� Hi i ¼ 1, 2ð Þ ð1Þ

ΔHi ¼ ∂H
∂v

� Vi þ ∂H
∂h

� Hi i ¼ 1, 2ð Þ ð2Þ

εv ¼ �∂V
∂v

, εh ¼ �∂H
∂h

,
γhv
2

¼ � 1

2

∂H
∂v

þ ∂V
∂h

� �
ð3Þ

where normal strain is positive in contraction and shear

strain is positive in an anti-clockwise direction.

Since landslides occurred in steep slope sections, strain

was analysed at longitudinal positions of 4.6, 5.6, 6.6, and

7.6 m. Figure 3a, b and c shows changes in strain in the form

of a Mohr’s circle at a 6.6 m longitudinal position just

upslope of the head scarp of the first landslide in Experiment

1. In the same way, strain at 5.6 m just down slope of the

landslide is shown in Fig. 3d, e and f. In the figures, the

measured shear strain (γhv/2) is also shown as a dot.

In 6.6 m longitudinal positions, strain was similar in the

shallow and middle parts and it was smaller in the deep part.

Conversely, strain was getting larger from the shallow part

to the deep part in 5.6 m longitudinal positions. Strain in the

shallow and middle parts at 6.6 m was larger than that at

5.6 m, whilst strain at the deep part at 6.6 m was smaller than

that at 5.6 m. Although the sand layer was uniformly packed,

strain at the 5.6 and 6.6 m longitudinal positions was quite

different. A point to note is that the strain was larger in the

shallow and middle parts at 6.6 m longitudinal position

where the landslide did not occur than that at 5.6 m where

the landslide took place.

Regarding Experiment 2, in which the landslide occurred

along the whole steep slope section, strain at 6.6 m and that

at 5.6 m longitudinal positions were similar and the deep

parts had a larger strain.

Correlation with Directions of Maximum Shear
Strain and Subsurface Flow

The changes in descending angle between directions of

maximum sheer strain and steep slope base in Experiment

1 are shown in Fig. 4. The descending angle between

directions of maximum shear strain and the steep slope

base was rather larger in shallow parts than in the middle

and deep parts. The descending angle at 6.6 m longitudinal

position was larger in all shallow, middle, and deep parts

than that at 5.6 m, indicating the angle of maximum shear

strain at 5.6 m was in better agreement with the direction of

the steep slope base. It was also shown that the descending

angle at 7.6 m was between that of 5.6 and 6.6 m, the angle at

4.6 m was smallest and showed negative values at some

points, indicating the direction of maximum shear strain

went towards the sand layer surface.

The changes in descending angle between directions of

subsurface flow at 0.4 m deep and that of the steep slope base

in Experiment 1 are shown in Fig. 5. The descending angle

between directions of subsurface flow and the steep slope

base was large at the 6.6 m longitudinal position and the

angles ranged between 52 and 68�, while those at 5.6 m were

between 40� and 45� and they were smaller than at 6.6 m.

Those at 4.6 and 7.6 m were smaller than at 6.6 m and they

converged to about 40� just before the landslide.
It was pointed out that the generation and enlargement of

subsurface flow played quite an important role in rainfall-

induced landslides (Fukuzono 1978). Since the seepage

force is, in fact, applied to the soil particles, it would be

most dangerous when subsurface flow moved along the

direction of the slope base. Although the Mohr’s circles in
shallow and middle parts at the 6.6 m longitudinal position

outside the landslide were larger than those at 5.6 m inside

the landslide, the descending angle between maximum shear

strain and steep slope base was also larger. Likewise the

descending angle between subsurface flow and steep slope

Fig. 2 Changes in equi-potential lines (every 0.2 m of pressure head)

and water table formation: (a) 500 s; (b) 300 s; (c) 60 s; (d) 1 s before

the first landslide in Experiment 1 respectively; and (e) 1 s before the

landslide in Experiment 2. (approximate sliding surfaces of the first

landslides are also shown in (d) and (e) by dotted lines)
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Fig. 3 Changes in strain in the

form of a Mohr’s circle in
Experiment 1. (a) shallow; (b)

middle; and (c) deep parts at the

6.6 m longitudinal positions, and

(d) shallow; (e) middle; and (f)

deep parts at the 5.6 m

longitudinal positions
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base was larger at 6.6 m than that at the 5.6 m longitudinal

position. These indicated that directions of maximum shear

strain and subsurface flow correlated to the slope-base direc-

tion in the parts inside the landslide.

The changes in descending angles of maximum shear

strain and subsurface flow to steep slope base at 0.4 m

depth in Experiment 2 are shown in Fig. 6. The descending

angle of maximum shear strain ranged narrowly between 7�

and 12�. Although the descending angle of subsurface flow

ranged widely, it decreased to be smaller than 20� 1 s before
the landslide took place. A water table was formed along the

whole steep slope section, and the landslide appeared to

occur in the whole steep slope in Experiment 2.

Concluding Remarks

Two landslides were induced in a large scale model by

artificial rainfall. Shear strain and subsurface flow before

the landslide took place were analysed. The side sections

of landslides are invisible on a natural slope and it is

impossible to conduct the strain analyses examined in

this study for natural landslides. The number of the

flume experiments is somewhat restricted, but the follow-

ing conclusions could be drawn regarding the rainfall-

induced landslides:

1. Although the sand layers were uniformly packed,

shear strain and subsurface flow behaviour were not

homogeneous.

2. Just before the landslide was triggered, water tables

formed in almost all steep slope sections. However, a

Fig. 4 Changes in descending angle between directions of maximum

shear strain and steep slope base in Experiment 1: (a) shallow; (b)

middle; (c) deep parts

Fig. 5 Changes in descending angle between directions of subsurface

flow and steep slope base in Experiment 1

Fig. 6 Changes in descending angle to slope base in Experiment 2: (a)

maximum shear strain, and (b) subsurface flow
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sliding surface was not necessarily formed below the

water table.

3. Directions of maximum shear strain and subsurface flow

generally correlated to the slope-base direction in the parts

inside the landslide, indicating their possible influence on

landslide initiation.
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Geotechnical Properties of Landslide Sites in Korea
with Differing Geology

Young-Suk Song and Kyeong-Su Kim

Abstract

The goal of this study is to find out the relationship between geotechnical properties and

landslide occurrence in areas with differing geology in Korea. The soil properties were

measured in three study areas (Jangheung, Sangju and Pohang) which are underlain by

gneiss, granite and sedimentary rock, respectively. Many landslides occurred in these areas

during the rainy season. To investigate the factors that influence the landslides, a landslide

survey was made, and a series of laboratory soil tests were carried out. The results of soil

tests show that the average porosity of the soils originated from the gneiss of Jangheung and

the granite of Sangju is greater than that of soils originated from the sedimentary rocks of

Pohang. The average coefficient of permeability of the soils originating from the granite of

Sangju is higher than that of soils from the gneiss of Jangheung and the sedimentary rocks

of Pohang. The average coefficient of permeability of soils obtained from the landslide sites

is greater than that of soils obtained from landslide-free sites in the same geology. The

average shear strengths of soils obtained from the landslide sites are smaller than those of

soils obtained from the landslide-free sites. It is confirmed that soils with low shear strength

and high permeability are especially vulnerable to landslide occurrence.

Keywords

Landslides � Geology � Porosity � Permeability � Shear strength

Introduction

In Korea, about 70 % of the total area is mountainous, and

the annual precipitation ranges from 1,100 to 1,400 mm.

Most of this precipitation is concentrated in the rainy season

from June through September. Most landslides occur due to

heavy rainfall in this season. Previous studies have found

that the occurrence of landslides is mainly influenced by the

topography and precipitation (Lumb 1975; Caine 1980; Kim

et al. 1991; Van Asch et al. 1996; Iverson 2000; Onda et al.

2004).

The geotechnical properties are very important, because

most landslides occur in the soil layer or at the interface

between the soil and the rock. The geotechnical properties

depend on the weathering grade and the geology (Lumb

1975; Hutchinson 1988; Wakatsuki et al. 2005; Matsushi

et al. 2006; Yalcin 2007). Topsoils consist of weathered

residual soils, debris material, and coarse rock fragments.

The soil properties are related to geological process and the

soils retain the characteristics of the parent rocks (Wolle and

Hachich 1989; Dykes 2002; Ahrendt and Zuquette 2003).

Soils deposited on the parent rocks are called residual soils.

To investigate the factors influencing landslides, the

properties of the topsoils that covered the slopes were

measured. Three study areas are selected to include different

geologies: granite, gneiss and sedimentary rocks. A land-

slide survey was carried out, and soil samples were obtained

from both the landslide sites and landslide-free sites in each
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study area. Then, a series of laboratory soil tests were carried

out to measure the properties of the soils. Based on these

results, the relationship between landslide occurrence and

soil properties was analyzed and evaluated.

Landslide Occurrence Sites

Jangheung Area (Gneiss)

Many landslides occurred in the Jangheung area as a result

of 588 mm of rainfall over 4 days from August 4 through 7,

1998. A general field survey found that about 511 landslides

occurred in this area during that time. Based on the results of

the general field survey, a zone with a high frequency of

landslide occurrence was selected for a more detailed sur-

vey. A detailed field survey was performed for 77 landslides.

Figure 1 shows the landslide distribution map and the

detailed survey section on the geological map of Jangheung

(Lee et al. 1999). According to the geological map, granite is

distributed on the center part to the south and north, and banded

gneiss and porphyroblastic gneiss occur on both sides of the

granite zone. Landslides occur widely throughout Jangheung,

and an especially high frequency zone is located in Jangheung-

Myeon and its surroundings. The landslidesmainly occur on the

gneiss zone of this area, so a detailed field surveywas performed

there (Fig. 1). as a representative section of gneiss in this study.

Sangju Area (Granite)

Many landslides occurred in Sangju as a result of 522 mm of

rainfall over 3 days from August 10 through 12, 1998. The

general field survey found that about 788 landslides occurred

in this area during that time. A detailed field survey was

performed for 99 landslides in the zone with a high fre-

quency of landslide occurrence.

Figure 2 shows the landslide distribution map and the

detailed survey section on the geological map of the Sangju

area (Kim and Lee 1986). According to the geological map,

granite covers most of the area, with some areas of meta-

morphic and sedimentary rocks. Landslides occurred widely

throughout Sangju. A zone with an especially high fre-

quency of landslides is located in Hwaseo-Myeon and its

surroundings. Therefore, a detailed field survey was

performed in the granite zone, which is shown in Fig. 2, as

a representative section of granite.

Pohang Area (Sedimentary Rock)

Many landslides occurred in Pohang as a result of 150 mm

of rainfall over 2 days from July 25 through 26, 1998. The

general field survey found that about 283 landslides occurred

in this area during that time.

Figure 3 shows the landslide distribution map and

the detailed survey area on the geological map of the

Pohang area (Um et al. 1964). According to the geological

map, granites widely cover the area, and metamorphic

and sedimentary rocks are also distributed throughout the

area.

Several landslides occurred in two small zones. These

zones are mainly covered with Tertiary sedimentary rocks.

Therefore, a detailed field survey was performed at the two

zones, which are shown in Fig. 3, as representative sections

for sedimentary rocks.

Fig. 1 Landslide distribution and

the detailed survey section on a

geological map of the Jangheung

area (Lee et al. 1999)
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Soil Sample and Laboratory Tests

The topsoils on the bedrock mainly consist of weathered

residual soils, sedimentary materials and weathered rock

fragments. The properties of these materials may be related

to the geology of the parent rocks because the mineral

components of the soils are still present in the residual

soils on the rocks.

The undisturbed and disturbed soil samples were

obtained at depths of 40–60 cm from the ground surface

after removing the surface soils. To take the unsaturated

Fig. 2 Landslide distribution and

a detailed survey section on the

geological map of the Sangju area

(Kim and Lee 1986)

Fig. 3 Landslide distribution and

a detailed survey section on a

geological map of the Pohang

area (Um et al. 1964)
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soil samples on a site, the stainless ring sampler with 10 cm

diameter and 6 cm height was used. All soil samples were

packed in the field and then conveyed to the soil laboratory

to maintain the field conditions.

A series of the soil laboratory tests, including particle size

distribution tests (KS F 2302), particle density tests (KS F

2308), variable head permeability tests (KS F 2322), and

direct shear tests (KS F 2343) were carried out in accordance

with the procedures specified by the Korean Standard Asso-

ciation. The soil properties such as shear strength, perme-

ability, dry unit weight, and void ratio were measured and

calculated using the result of these tests.

In this study, a total of 60 soil samples were obtained

from the three study areas, i.e., 20 soil samples in each area

were collected for soil laboratory test. In particular ten soil

samples were collected at the landslide sites and another ten

soil samples were collected at the landslide-free site.

Geotechnical Properties

Void Ratio and Dry Unit Weight

Figure 4 shows the porosity and dry unit weight of soils

obtained from the three study areas. The average porosity of

soils obtained from the landslide sites is greater than that of

soils from the landslide-free sites. In addition, the average

dry unit weight of soils from the landslide sites is smaller

than that of soils from the landslide-free sites, indicating that

the soils from the landslide sites are more poorly graded or

looser than those from the landslide-free sites. In general,

poorly-graded soils and loose soils have large void spaces

and a small dry unit weight. Soils with high porosity or low

dry unit weight are particularly vulnerable to landslide

occurrence. In addition, the porosity and the dry unit weight

influence the occurrence of landslides in these areas.

According to the analyses, the porosities of soils that

originated from gneiss and granite are greater than that of

soils that originated from sedimentary rocks.

Permeability

Variable head permeability tests (KS F 2322) were

performed to measure the coefficient of permeability.

Figure 5 shows the average permeability coefficients of

soils obtained from sites in each area. In Jangheung, the

average coefficient of permeability at the landslide sites is

5.43 � 10–3 cm/s, and that at the landslide-free sites is

4.33 � 10–3 cm/s. In Sangju, the average coefficient of

permeability at the landslide sites is 6.00 � 10–3 cm/s, and

that at the landslide-free sites is 5.14 � 10–3 cm/s. In

Pohang, the average coefficient of permeability at the

landslide sites is 4.78 � 10–3 cm/s, and that at the

landslide-free sites is 3.90 � 10–3 cm/s.

As shown in Fig. 5, the permeability of soils obtained

from the landslide sites was greater than that of soils from

the landslide-free sites in the same geology. The distinction

of the coefficient of permeability between the landslide sites

and the landslide-free sites can be seen in these figures, even

though the difference value is small.

The soils of Sangju are mainly composed of sands with

coarse particles originating from the granite. However, the

soils of Jangheung and Pohang are mainly composed of

sands with some fine particles originating from the gneiss

and sedimentary rocks, respectively. The coefficients of

permeability in Sangju are higher than those in Jangheung

and Pohang. This result might be caused by the particle size

Fig. 4 Average porosity and average dry unit weight of soils in the

study areas (a) Gneiss (Jangheung area); (b) Granite (Sangju area);

(c) Sedimentary rock (Pohang area)
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and porosity of the soils. These soil properties originate from

the geologic properties of the parent rocks.

Shear Strength

The shear strength is one of the most important properties of

soil for determining whether a landslide will occur. This

property is strongly related to the ability to resist sliding

along internal surfaces within a soil mass. In a slope stability

problem, sliding and resisting forces are calculated using the

Mohr-Coulomb failure criterion. The shear strength is usu-

ally expressed as the cohesion and the internal friction angle.

These values are measured by the direct shear test (KS F

2343), considering field conditions.

Figure 6 shows the internal friction angles of the soils

obtained from the three study areas. Only the internal fric-

tion angles between the landslide sites and the landslide-free

sites are compared, because the cohesions of soils from the

landslide sites are very similar to those of the landslide-free

sites. In addition, the cohesions of the soils are very small

because the soils are sands.

In Jangheung, the average internal friction angle of the

soils from the landslide sites is 33�, and that of soils from the

landslide-free sites is 36�. In Sangju and Pohang, the average
internal friction angle of soils from the landslide sites is 34�,
and that of soils from the landslide-free sites is 36�.

Fig. 5 Average coefficient of permeability of soils in the study areas

(a) Gneiss (Jangheung area); (b) Granite (Sangju area); (c) Sedimentary

rock (Pohang area)

Fig. 6 Average internal friction angle of soils in the study areas.

(a) Gneiss (Jangheung area); (b) Granite (Sangju area); (c) Sedimentary

rock (Pohang area)

Geotechnical Properties of Landslide Sites in Korea with Differing Geology 91



The average internal friction angles of soils from the

landslide sites are smaller than those of soils from the

landslide-free sites. It is confirmed that soils with low

shear strength are more vulnerable to landslide occurrence.

Conclusions

Most landslides in the natural terrain of Korea occur as

transitional failures at shallow soil depths during the rainy

season. Therefore, the geotechnical properties of the soils

and precipitation records should be investigated to know

the reasons for landslide occurrence. In this study, three

study areas (Jangheung, Sangju and Pohang) were

selected to find the relationship between geotechnical

properties and landslide occurrence, considering geology

and precipitation. Many landslides occurred in these three

areas during the rainy season. To investigate the factors

that influence landslides in more detail, a landslide survey

was performed and soil samples were obtained from both

the landslide sites and the landslide-free sites for labora-

tory soil tests.

According to the analysis results, the average porosity

of the soils obtained from the landslide sites is greater

than that of soils obtained from the landslide-free sites.

The average dry unit weight of soils from the landslide

sites is smaller than that of soils obtained from the

landslide-free sites. The average coefficient of permeabil-

ity of the soils from the landslide sites is greater than that

of soils from the landslide-free sites with the same

geology. The average shear strength of soils from the

landslide sites is smaller than that of soils from the

landslide-free sites. This result indicates that the soils

from the landslide sites are more poorly-graded or looser

than the soils from the landslide-free sites. Also, it is

confirmed that soils with low shear strength and high

permeability are especially vulnerable to landslide

occurrence.
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Modelling Fragmentation in Rock Avalanches

Øystein Thordén Haug, Matthias Rosenau, Karen Leever, and Onno Oncken

Abstract

The physical description of rock masses travelling down a slope is a complex problem,

involving bouncing, rolling, sliding, flowing, fracturing and/or combinations of these.

Modelling serves as a valuable tool to study these systems which are rarely monitored at

high resolution in nature. Often, granular models (e.g. loose sand) are used to study rock

avalanches in experimental simulations. For such granular models, one has to assume that

the rock mass disintegrates instantaneously after detachment and that fragment size does

not reduce further during the movement. We present a new method that overcomes this

limitation by simulating dynamically fragmenting gravitational mass movements.

We have developed a material that fails in a brittle manner at lab scale conditions. The

material is produced by cementing sand with gypsum (anhydrite) or potato starch, which

allows controlling the shear strength over a wide range. Experiments are performed by

releasing the material down a slope and monitoring with a digital camera at frequencies of

50 or 250 Hz. Two techniques are used to quantify the experimental results: particle image

velocimetry which quantifies the surface velocity field, and optical image analysis to derive

geometric (e.g. fragment size distribution) and mechanical properties (e.g. basal friction) of

the model.

Preliminary results from the experiments illustrate the different dynamics of the gravi-

tational mass movement as a function of shear strength.

Keywords

Rock avalanche � Fragmentation � Analogue material � Image analysis

Introduction

Rock avalanches are large (volume >106 m3) rapid gravita-

tional movements of rocks (Hsü 1975; Davies and

McSaveney 1999). Rock-avalanche deposits are often made

up of granular material with fragment sizes ranging from

meter sized boulders down to dust on a micro-meter scale

(Crosta et al. 2007; McSaveney and Davies 2007). The rock

mass prior to the detachment can be assumed to have been

more or less intact (Locat et al. 2006), suggesting that the

deposits are the products of fragmentation processes occur-

ring during detachment (static fragmentation) and during the

travel (dynamic fragmentation).

Likely due to the shape and the granular nature of the

deposits, rock avalanches are often modelled as granular

flows both in analogue (Davies and McSaveney 1999;

Iverson et al. 2004; Shea and van Wyk de Vries 2008;

Dufresne 2012; Manzella and Labiouse 2012) and numerical

(Campbell et al. 1995; Mollon et al 2012) experiments.

However, using granular material to model rock avalanches

means assuming that dynamic fragmentation is negligible,

i.e., one assumes that the rocks instantaneously disintegrate
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after detachment and that no further fragmentation occurs

during the travel.

Few models have taken dynamic fragmentation during

rock avalanches into consideration (Imre et al. 2010; Bowman

et al. 2012) and these were performed in centrifuges, which

pose restrictions on the possible scales that can be studied.

Nevertheless, Bowman et al. (2012) showed that material that

fragmented dynamically caused a longer runout than that of

pre-fragmented material, suggesting that dynamic fragmenta-

tion is an important agent in rock-avalanche dynamics.

We study the effect of dynamic fragmentation in rock

avalanches at lab scale under normal gravity conditions. To

do this, a new rock-analogue material, and a method to

quantitatively analyse the dynamics of fragmenting model

avalanches have been developed. Compared to experiments

performed in a centrifuge, this approach has the advantage

that a wider range of scales can be studied and the potential

to simulate more realistically the full process from detach-

ment to deposition.

Analogue Material and Experimental Setup

According to the principle of model similarity (Hubbert

1937), the analogue material must behave in a dynamically

similar way to the rocks in natural rock avalanches. Ideally,

the material should therefore deform in a brittle manner with

limited elastic and ductile strains up to a certain critical

stress, beyond which the material breaks and deforms

irreversibly.

Thematerial is created by cementing togetherwell-rounded

fluvial quartz sand (average size ~300 μm) with a cementing

agent. In the tests reported here, the cementing agents

are gypsum (anhydrite) and potato starch (carbohydrate).

The material properties are tested using a ring shear tester

(RST) and a uniaxial tester (AT).

Material Preparation and Properties

The sand and the cement are first mixed while dry, after-

wards a small amount of water (~10 wt%) is added and

everything is thoroughly mixed to yield a homogeneous

mass. The material is then placed inside a mould, and

compacted by hammering by hand.

The material hardens by either setting for 48 h at room

temperature (in the case of gypsum cement) or heating in a

900 W microwave oven for 15 min (in the case of potato

starch cement).

The shear strength of the material can be controlled by the

concentration of cementing agent. Systematic AT-tests of

the effect of concentration shows that the shear strength can

be varied between 1 and 103 kPa (Fig. 1). As seen in Fig. 1,

the shear strength achieved using gypsum cement (hereafter

called “g-cement”, Fig. 1a) varies from 1 to 102 kPa and

scales approximately linearly with the concentration. A

stronger material can be achieved using potato starch cement

(hereafter called “s-cement”). The correlation between the

shear strength and the concentration of potato starch is also

approximately linear and the shear strength of s-cement

varies between 102 and 103 kPa (Fig. 1b). The two data

sets (Fig. 1a, b) are seen to complement each other, allowing

us to vary the shear strength over six orders of magnitude.

The frictional properties of a low strength material,

g-cement0.5 (lower case number referring to concentration,

here 0.5 wt%), in comparison with loose sand, were tested

using the RST (Fig. 2). Typical shear stress curves obtained

from the RST are shown in Fig. 2a. In general, the shear

Fig. 1 Shear strength as a

function of gypsum (a) and starch

(b) concentrations. Each point is

the mean value of 15 AT-tests and

the error bars are given by the

standard deviation around this

mean
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stress curves show an increase of shear stress until it reaches

a peak (peak friction) when a shear fracture forms, followed

by a decrease to a constant shear stress level (kinetic fric-

tion). A similar curve to that presented in 2a, but with a

lower peak value, is obtained if a sample with an existing

shear fracture is sheared (static friction).

In Fig. 2b, c, d, the results of a series of RST tests are

presented. In these plots, the frictional strengths of

g-cement0.5 is compared with that of loose sand for normal

stresses ranging from 0.5 to 20 kPa. The resulting linear

relationships can be modelled as a Mohr-Coulomb failure

envelope, the slope of which is the coefficient of friction and

the y-axis intercept is the cohesion. Accordingly, the co-

hesion of undeformed loose sand is in the order of 10 Pa,

while the cohesion of the g-cement0.5 is in the order of

103 Pa (Fig. 2b). Importantly, the friction coefficients are

not influenced by cementing, nor is there any residual co-

hesion once a fracture has been created (Fig. 2c, d). The peak

static and kinetic coefficients of friction for both loose sand

and the cemented sand are 0.7, 0.6 and 0.55, respectively.

We conclude that increasing concentration of cementing

agent in the mix increases its primary cohesion, while the

other frictional properties remain constant. Due to the

small amount of cementing material, this is assumed for all

concentrations.

Experimental Setup

In our setup, rock avalanches can be modelled at lab scale by

a sudden release of material down a slope of 1–2 m length

and at an angle of 30�–60�. Past the slope, the angle changes
suddenly to 0� (Fig. 3). The experiments are monitored with

a digital camera at frequencies of 50 and 250 Hz and image

resolutions of 8.29 and 0.23 MPx, respectively.

Here we report the first series of experiments, consisting

of three runs on a 45� dipping slope, where only the shear

strength of the material is varied while all other parameters

are kept constant. Materials used in this series are 1.5 kg

samples of loose sand, g-cement0.5 and s-cement1. The shear

strength thus varies from 10, 103 to 106 Pa (assuming shear

Fig. 2 Data from the ring shear

tester (RST). (a) Raw data of sand

and g-cement0.5. (b)–(d)

Comparisons of peak, kinetic and

static friction between loose sand

and g-cement0.5

Modelling Fragmentation in Rock Avalanches 95



strength of sand � cohesion of sand). The camera frequency

during these experiments was 50 Hz at 8.29 MPx resolution.

The initial geometry of the released material is a rectan-

gular cube of dimension 0.15 � 0.15 � 0.04 m3 lying on its

widest side. Additionally, a thin layer of red sand is added on

top of the samples (not to the loose sand) to increase contrast

for image analysis. The sliding base consists of glass plates.

Image Analysis

To quantify the experiments we use two types of image

analysis: Particle Image Velocimetry (PIV) and Optical

Image Analysis (OIA).

The goal of the image analysis is to measure deformation,

velocity and fragmentation through time. The first two

parameters are found using PIV, while the last point is

found using OIA.

Before any analysis, the images are calibrated, i.e.,

corrected for distortions and the differences in distances

between the different objects in the images and the camera.

This is done using the PIV software (PIV Strainmaster by

LaVision).

Particle Image Velocimetry

Particle Image Velocimetry (PIV) is used to monitor the

velocity and deformation of the surface of the sliding mate-

rial (Fig. 4a). The basic concept of the PIV method is to use

cross-correlation of patterns in sequential images to detect

the displacement of the pattern between the images (see

Adam et al. (2005) for a comprehensive description).

The patterns in question are, in fact, a specific distribution

of grayscale-intensities within a given interrogation window

(a smaller part of the image). For the analysis given here the

PIV-algorithm uses interrogation window sizes decreased

from 256 � 256 to 128 � 128 pixels with 75 % overlap.

This results in velocity field resolution of 0.0563 m, at a

precision of 0.03 m/s.

Optical Image Analysis

Optical Image Analysis (OIA) is used here to quantify the

fragmentation process. The general strategy of OIA in our

approach is to convert the original image (Fig. 4a) to a binary

image (Fig. 4b) where the fragments are of value 1 (white)

and everything else is of value 0 (black). In this process, all

fragments below a size of 10 pixels are considered back-

ground. The binary image is created in three steps. In each

step a binary image is produced, and in the end all these are

combined into one final binary image (Fig. 4b).

The first binary image is produced by considering only

the red contribution to the RGB image. The image is

binarized by setting all pixels with intensity above a certain

limit to 1 and all below to 0. This process is called

thresholding. Since the top of the samples have a thin layer

of red sand (see Fig. 4a), this procedure captures most of the

larger fragments which have not rotated. The second binary

image is produced by converting the RGB image to gray-

scale and thresholding it. This method is most appropriate to

find the largest fragments. The third binary image is found

by differentiating in both directions across the grayscale

image, subtracting this from the original grayscale image,

and thresholding the resulting image. This procedure finds

the small fragments, and is also capable of extracting

fragments which are resting on top of sand (which is consi-

dered background).

Fig. 4 (a) Example of an experimental image showing a fragmented

block spreading on a horizontal plane. (b) Binary image of (a)

Fig. 3 Experimental setup
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Fig. 5 Images of experiments

with different cohesion (a) loose

sand (SS ¼ 101 Pa), (b) g-

cement0.5 (SS ¼ 103 Pa), and (c)

s-cement1 (SS ¼ 106 Pa)
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The sizes of the fragments are approximated by the areas

they project on the images and are given in equivalent

diameters.

L ¼
ffiffiffiffiffiffiffiffiffiffi
Area

π

r

Additional to the fragmentation process, OIA is used to

monitor the area covered by the slide through time. In this

calculation, the area is found by considering all fragment

sizes. In practice, this is done by thresholding so that all the

sand and blocks are 1’s while the rest is 0.

Preliminary Observations and Interpretation

Figure 5 shows snapshots of three different experiments,

where the shear strength (SS) is varied from 10 (Fig. 5a),

103 Pa (Fig. 5b) to 106 Pa (Fig. 5c). All other parameters are

kept constant. The sand, in Fig. 5a, can be described as

flowing, in contrast, the block in Fig 5c is sliding. The

fragmenting block (Fig. 5b) is at first seen to slide, until it

hits the knickpoint, at which point it breaks and spreads

across the horizontal plane. The longest runout is seen for

the intact block, and the second longest for the fragmenting

block, while the loose sand shows the shortest runout. This

may reflect the difference in energy consumption due to

internal deformation which is lowest for the intact block.

PIV-derived velocity fields of the experiments from

Fig. 5a, b is presented in Fig. 6. These show that the

behaviour of the two experiments is kinematically different

on the horizontal plane: While the loose sand avalanche has

higher displacement in the rear than in the front of the pile,

the cement slide-avalanche has higher displacement in the

front than in the rear. This suggests that the material in the

sand avalanche actively contracts while the g-cement0.5 ava-

lanche expands, in the direction of travelling.

The evolutions of areas of the slides are presented in

Fig. 7a and shed light on the role of basal contact area on

runout. The vertical line represents the time when the mate-

rial reaches the horizontal plane. For the experiment with

SS ¼ 101 Pa (Fig. 5a) the area is seen to increase until ca.

0.2 s after reaching the plane, after which the area decreases

again. This behaviour reflects the active spreading and con-

traction during movement of the avalanche. For the experi-

ment shown in Fig. 5b (SS ¼ 103 Pa) an initial increase is

seen, until a plateau is reached, the area increases again

directly after impact. The first increase is due to the sample

moving into the field of view, while the second reflects the

spreading after fragmentation. For the experiment shown in

Fig. 5c (SS ¼ 106 Pa) the area is seen to be more or less

constant, reflecting the rigid block-like behaviour of the

slide. Considering the differences in runout, one might

argue that the frictional energy dissipation is more pro-

nounced for low-cohesive material due to (a) the increase

of basal sliding area during acceleration in combination with

(b) frictional dissipation by compressive internal deforma-

tion during deceleration.

In Fig. 7b snapshots of the fragment size distribution

(FSD) are presented. The approximately linear trends of

the fragment size distributions suggest that they can be

described by power-laws where the exponent is given by

the slope. Interestingly, the slopes of the fragment size

distributions appear more or less constant through time,

while the distribution is shifted towards higher numbers in

time. This suggests that the fragmentation is a self-organized

(fractal) process.

Discussion

Limitations of the Approach

From Fig. 1, it is observed that that the uncertainty of the

shear strength (SS) increases with the strength, reflecting the

variability of the sample material under otherwise identical

preparation conditions. Most likely, this variability in shear

strength arises because the material is not completely homo-

genous. One might therefore expect the fragmentation to be

affected by the variability of the material and should not

Fig. 6 Snapshots of the velocity field calculated from the PIV for

experiments shown in Fig. 5a (a) and 5b (b)
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over-interpret single experiments. Instead, a large number of

experiments are needed to constrain uncertainty of experi-

mental results.

Even though the OIA finds fragments and their sizes,

there are some problems related to this approach. One is

that sometimes piles of sand may be interpreted as frag-

ments, even though they should not be. This error is mini-

mized by removing fragments with very elongated shapes. A

second problem is that shadows can cause separation of

larger fragments into several smaller ones. This effect is

dealt with by averaging over time. The OIA only takes into

account fragments larger than 10 pixels, equivalent to a

4.4 mm long fragment. A rough estimate of how much

material is below this level can be found by comparing the

total area of all fragments registered and the total are of the

entire slide. Such an estimate for the experiment presented in

Fig. 5a suggests that the latter is as much as 1 order of

magnitude larger. This can cause a bias of the fragment

size distribution to the coarser end of the distribution. How-

ever, if the fragment size distributions truly are scale-

invariant power laws, the exponent should remain the same

regardless of the resolution.

Comparison with Centrifuge Models

Similar to what Bowman et al. (2012) showed, we also see

that a fragmenting material travels further than a pre-

fragmented one (Fig. 5a, b), corroborating their interpreta-

tion that fragmentation can be viewed as an energy source.

Our results show, however, that an even longer runout is

achieved for an intact block. This may suggest that dynamic

fragmentation causes loss of cohesion, which causes higher

energy dissipation due to increased internal deformation and

larger basal friction (due to increased basal area).

Imre et al. (2010) found that their experimental fragment

size distribution was given by power laws and interprets this

to be due to a fractal process. Our experimental fragment

size distributions are also well approximated by power laws.

However, a linear regression of the data in Fig. 7b reveals a

power law exponent of ~1 � 0.2, this is steeper than the ~0.4

exponent found by Imre et al. (2010). Such a discrepancy

might be caused by our bias toward larger fragments. Imre

et al. also report a steeper slope for the larger fragments.

Conclusion and Outlook

We have developed a tool for studying fragmentation in

rock avalanches. Rock avalanches are modelled at lab

scale by releasing an analogue material down a slope.

The shear strength of the material can be controlled by the

amount of cementing agent added to the sand. Our image

analysis tool allows us to quantify the fragmentation

process and the following dynamics of the slide.

With this new tool, we plan to perform a parameter

study, to better understand the changes in dynamics and

energetics of a system of varying shear strength.
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Experimental Modelling for the Effect of Rainfall and
Earthquake on Slope Stability of Engineered Fill

Binod Tiwari, Santiago Caballero, and Wissam Zalzali

Abstract

The collapse of several houses in some residential developments in Sendai during the M9

Tohoku earthquake warranted the health monitoring of several slopes in southern

California. Majority of the houses developed in southern California are in engineered fill

and the qualities of compaction may not be sufficiently checked. Due to recent trend of

unpredictable rainfall and being located in the high seismic activity area, houses

constructed on slopes in southern CA have strong potential to slide during earthquake or

heavy rainfall. This study involves a systematic study of an engineered fill at Mission Viejo,

California for potential slide activities. The materials borrowed from the site were

compacted in a Plexiglass container at the field density, moisture content, and field slope

angle. The slope was poured with the 100 year return period rainfall expected in the area

using, a rain simulator. Variation in suction in the soil mass was recorded with duration of

rainfall. Slope stability analyses were performed to evaluate the effect of earthquake in

those slopes in reducing the factor of safety. The study result shows that the combined

effect of antecedent rainfall and seismic shaking has significantly high effect on slope

stability, compared to strong magnitudes of either rainfall or seismic acceleration acting

separately.

Keywords

Clay � Antecedent rainfall � Seismic shaking � Slope stability � Soil suction

Background

Landslides cause an annual loss of $1–2 billion (USGS).

Heavy rainfall, earthquake and associated hazards related

to these events such as typhoon, tsunami, hurricane etc. are

considered to be the major triggers of landslides. However,

combined effects of earthquakes and rainfall were ignored in

the past. We have evidenced several high magnitude

earthquakes in recent years; many of them were either dur-

ing or slightly prior to or after the rainy season. These

earthquakes triggered several landslides. Therefore, the cur-

rent research works pertinent to landslides are focusing on

the combined effect of rainfall and earthquake. Several large

scale landslides occurred after the M9.0 Tohoku Earthquake

(Tiwari et al. 2013). More than 50 houses were damaged in a

built-in area that was developed on embankment slopes. The

area did not have much rainfall prior to the earthquake.

However, it is believed that the soil lost suction during the

heavy shaking that could have triggered the landslide.

With a desire to have a beautiful view, there is a growing

tendency in southern California to construct houses on

slopes. Majority of these houses are constructed on
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engineered fills. As the houses are mainly developed by the

real estate developers, the construction quality control may

not be as severe as required for the public infrastructures.

Therefore, stability of the slopes where these houses are

constructed should be checked for possible combined effect

of rainfall and earthquake. In this study, we considered a

case study of a site located in the city of Mission Viejo,

50 miles south of Los Angeles, California. The housing

community was developed around 1998, mostly on the

engineered fills. A total of 209 single family homes were

constructed. The landslide investigation that took place from

2005 to 2010 concluded that there is no slope movement.

However, some of the home owners were concerned that if

the area gets a good amount of rainfall for a long period

during an earthquake event, the slope may not remain stable.

The authors conducted field investigation and collected

soil samples from the slope. Soil samples collected from the

site were utilized to prepare slopes at various angles of

inclination in a model container, which were later subjected

to a rainfall of 21 mm/h for several days. The depth of

water front and values of suction at various locations were

measured during the rainfall event. The data obtained during

the experimental modelling was utilized to conduct slope

stability analysis and evaluate the stability of slope during

various magnitudes of ground shaking.

Results of Field Investigation

Site Condition

Presented in Fig. 1 is the google earth image of the study

area. As can be observed in Fig. 1, the property is located at

the corner of the filling and both east and south sides of

the building have slopes. During the field investigation, the

authors noticed that the area, especially at both banks of

the river, had several existing landslides. Two of those

landslides are presented in Fig. 2. The meandering pattern

of the river shows possible landslide events in the past on the

opposite bank of the river as well.

Close view of the south side of the slope, which will be

considered during this study is presented in Fig. 3. The area

is currently covered with grass. A good drainage network

has been constructed in the area. The authors didn’t detect
any cracks in those drains during the field investigation.

However, as presented in Figs. 4, 5, 6, and 7, cracks were

identified on stuccos, swimming pools, drive ways, and the

compound walls.

Field Investigation Result

Cross-section survey was conducted with a total station to

measure the details of the slope (Fig. 8). Likewise, position

of water table during the field investigation was measured at

an inclinometer located at the backyard of the building

(Fig. 9). At the time of survey i.e. December 2012, the

depth of water table was much lower than 21 m (limit of

the inclinometer) below the ground level. Soil samples were

collected from an excavation area, which is located near the

Fig. 1 Google earth image of the study area

Fig. 2 Google earth image of the study area—two existing landslides

are clearly visible in the area

Fig. 3 Close view of the south side of the slope
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swimming pool (Fig. 10). Profile of the soil at the excavation

area is presented in Fig. 11. Plan and sections of the study

area are presented in Figs. 12 and 13, respectively.

Fig. 4 Cracks on the stucco of the building

Fig. 5 Separation of compound wall from the main building—

identified during the field visit

Fig. 6 Separation of pool walls from the floor slab—identified during

the field visit

Fig. 7 Separation of garage slab from the driveway—identified during

the field visit

Fig. 8 Field surveying to prepare the cross-section of the slope
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As presented in Fig. 13, the embankment slope was

approximately 23.4�. This slope was utilized to prepare

experimental model of the slope in the laboratory.

Soil Test Result

The soil samples collected from the site is used to measure

geotechnical properties of soil. Grain size distribution anal-

ysis with both sieve and hydrometer analysis, Atterberg limit

tests, specific gravity test, falling head permeability tests,

Proctor compaction tests, and direct shear tests were

performed in the laboratory following the pertinent ASTM

standards. The field moisture content was 26.8 %. This

moisture content was slightly higher because the sprinkler

system was on a day prior to excavation. Field dry density

was 15.3 kN/m3. Liquid limit and plasticity indices of the

soil were 44.1 and 10.8, respectively. Specific gravity of the

soil was 2.69. Proportions of sand, silt and clay were 10 %,

75 %, and 15 %, respectively. The maximum dry unit

weight and optimum moisture contents were 17.0 kN/m3

and 15.0 %, respectively. The direct shear test that was

conducted on the saturated soil sample showed the fully

Fig. 9 Location of inclinometer in the study area

Fig. 10 Location of soil sampling point

Fig. 11 Close view of the compacted soil profile

Fig. 12 Plan of the study area
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softened shear strength of 23� with no cohesion. However, the
peak shear strength parameters (c and ϕ) when the soil was

compacted at the field density were 11 kPa and 22�, respec-
tively. Soil Water Retention Characteristics Curve (SWRCC)

was prepared by measuring suction of soil prepared at various

degrees of saturation. Presented in Fig. 14 is the SWRCC

prepared for the tested soil sample. The result presented in

Fig. 14 was for the dry to wet cycle. The data for the wet to

dry cycle to complete the hysteresis is not presented here. The

SWRCC presented in Fig. 14 was used to estimate the values

of suction at different degrees of saturation.

Experimental Modeling

Experimental modelling of slopes were performed by many

researchers to evaluate the stability of slope during rainfall

(Orense et al. 2004; Tohari et al. 2007). Many of these

studies involved externally applied seepage. However,

the objective of this study was to evaluate the effect of

rainfall and seismic ground motion on the stability of the

proposed slope. Therefore, the soil samples collected from

the site were utilized to prepare the model slope at the

dry unit weight of 14.3 kN/m3 and moisture content of

15 %. The soils were compacted at the relative density of

approximately 84 % to keep the model in a conservative

side. Slope of the model was kept close to the field slope.

Presented in Figs. 15, 16 and 17 are the photographs and

sketches of the experimental model.

The locations of four tensiometers that were used

to measure the suction during rainfall are shown in

Figs. 16 and 17. The internal dimension of the box was

Fig. 13 Cross-section of the study slope
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Fig. 14 SWRCC prepared for the tested soil sample

Fig. 15 Photograph of the slope model after its completion

Fig. 16 Location of tensiometers shown in plan

Fig. 17 Location of tensiometers shown in section
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1.08 � 1.08 m. Likewise, height of the model above 6 cm

thick gravel bed was 51 cm. Photograph of the sprinkler

system is presented in Fig. 18. A rainfall of 21 mm/h was

applied to the slope for different periods of rainfall and the

depths of water front were measured with time. Presented in

Fig. 19 is the depth of water front recorded with time. Please

note that amount of run-off was also recorded during the

experimental modeling. Average run-off was 7 mm/h.

This shows the net rainfall responsible for infiltration was

14 mm/h. As can be observed in Fig. 19, water could infiltrate

12 cm depth in 7 h. The seepage profile was steeper than the

slope. The average infiltration rate was 17 mm/h. Likewise,

suction values were measured during the application of rain-

fall. Recorded values of suction with time for the four tensi-

ometer locations presented in Figs. 16 and 17 are presented in

Fig. 20. As can be observed in Fig. 20, tensiometer T4 took

154 min to have suction reduced to 0, i.e. have the water front

reach T4. Likewise, it took 500 min for the water front to reach

T1. Water front never reached to T2 and T3.

Slope stability analyses were performed prior to rainfall

and for the measured values of suction after the completion

of the test i.e. 4 days of rainfall. Please note that the rainfall

lasted for 450 min and was stopped for 18 h on the first day;

continued for 166 min and stopped for 20 h on the second

day; continued for 330 min and stopped for 17 h on the third

day; and continued for 360 min on the fourth day. This

was done to simulate the real situation. The slope stability

analysis was performed with Spencer’s method using

“RocScience, Slide 6.0”. The total calculated building load

of 12.8 kPa was added on top of the slope as a uniformly

distributed load. Apparent cohesion and friction angles

measured at different suction levels were used to divide the

entire soil mass into different zones based on suction values.

At the end, factors of safety were also calculated for the

slope using seismic coefficients ranging from 0.1 through

0.5. The calculated factors of safety are presented in Table 1.

Based on the data presented in Table 1, the slope should be

stable when the seismic shaking is less than 0.3 g when 4

days of rainfall is applied as used in the experimental study.

However, a detailed study is underway to evaluate the sta-

bility of slope when the slope subjected to rainfall is shaken

on the shake table at different magnitudes of shaking.

Summary and Conclusion

Field investigation and laboratory tests were performed to

evaluate the effect of rainfall and seismic shaking on the

stability of an engineered slope. A case of a house that

was constructed near existing landslide was used for

this study. Experimental modelling was performed by

applying different amount (but same intensity) of rainfall

with durations ranging from 166 to 450 h for 4 days.

The values of suction recorded with the tensiometers

and water fronts marked during the modeling process

Fig. 19 Depth of water front with duration of rainfall

Table 1 Calculated factors of safety for various conditions of seepage

and seismic coefficients

Prior to

rainfall

After 4 days

of rainfall

Rainfall

with k of

0.1

Rainfall

with k of

0.3

Rainfall

with k of

0.5

1.85 1.56 1.22 1.10 0.98

Fig. 20 Variation of suction with duration of rainfall

Fig. 18 Photograph of the sprinkler system
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were utilized to assign different soil boundaries for slope

stability analysis. The experimental result shows that the

slope will have safety factor higher than 1 under normal

amount of rainfall and at the seismic shaking of 0.3 g. As

this result is preliminary, detailed study is underway. It

should be noted that the results presented in this study are

mainly for academic purpose and should not be used for

any type of interpretation pertinent to the safety of the

houses in the study area. The actual situation in the field

depends on many factors and this result does not cover

those factors.
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Experimental Modelling of Seepage in a Sandy Slope

Binod Tiwari and Adam Lewis

Abstract

Rainfall-induced shallow landslides cause significant damage to infrastructure every year.

Among the major causes of shallow landslides is an increase in degree of saturation with

rainfall. Partially saturated slopes have high factors of safety due to the apparent cohesion

induced by soil suction. In this study, sandy soil was used to prepare slopes with four

different angles of inclination and two different void ratios. Utilizing a rain simulator, the

slopes were provided with different intensities and durations of rainfall, ranging from

30 mm/h to 240 mm/h. The movement of the water front was recorded during the rainfall

at an interval of 5 min. The experimentally recorded values for the depth of water front with

time was used to develop relationships between the velocity of seepage, void ratio and

angle of inclination of the sandy slope. The proposed equations can be utilized to evaluate

the stability of sandy slopes during rainfall.

Keywords

Partially saturated soil � Suction � Water front � Finite element analysis � Rainfall

intensity � Slope stability

Background

During rainy seasons, damage done by shallow landslides is

reported frequently in newspapers and television channels

all over the world. Potential of occurrence and possible

damage by these landslides are high in areas: (a) having

mountainous terrain, (b) subject to high intensity rainfall

for a prolonged duration, and (c) consisting of highly

weathered and loose residual soils to a significant depth.

Statistical data on the distribution of such shallow

landslides, their associated factors, and losses due to those

landslides are periodically reported in the literature.

Although shallow landslides are caused by many factors

such as rainfall, earthquakes, anthropogenic disturbances,

etc., rainfall is reported to be among the major causes.

Rainfall-induced shallow landslides often occur in margin-

ally stable slopes, and due to their proximity to various

important infrastructure such as roads and irrigation

channels, they are considered one of the most significant

geo-environmental hazards that need immediate attention

(Orense et al. 2004). Several countries have therefore

implemented significant monitoring systems to observe the

real-time change in rainfall amounts and implement warning

systems based on an estimated threshold rainfall amount.

The increase in the number of landslides during and slightly

after heavy precipitation can be attributed to the saturation of

the ground and an increase in the unit weight, as well as to
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pore water pressure in the potential sliding zone. Decoupling

these triggering factors requires a detailed investigation on

the behavior of slopes during seepage under both partially

saturated and fully saturated conditions. However, there is

little systematic research on the mechanisms associated with

the infiltration of water into saturated and/or partially

saturated soil and its effect on the stability of slopes.

Results of numerical and experimental studies of the

seepage of rainwater into sloping ground and its effect on

slope stability have been frequently reported in the literature.

Orense et al. (2004) prepared slope models of silty sand

material in a 2.2 m long and 0.8 m wide container and

measured deformation and failure modes of soil for nine

different seepage conditions, ranging from artificially

prepared seepage from a side of the model tank to artificially

simulated rainfall through nozzles. Intensity of rainfall

varied from 80 to 262 mm/h across the model soil mass.

Model tests were performed on soils having relative

densities of 50 and 70 % and slope angles of 30� and 40�.
They reported that slope failure occurs when the soil around

the toe region becomes saturated, even though the remaining

part of the slope is still in just a partially saturated condition.

They also reported that water infiltration alone doesn’t cause
a failure of the slope if there is no seepage flow to raise the

pore water pressure at the toe. They argued that prediction of

slope failure is possible by monitoring the soil moisture

content. Please note that, in this study, pore pressure was

generated by supplying water from a side of the container

using a water tank. The rainfall intensity was not uniformly

applied in the model—rainfall intensity in one end was

higher than four times the intensity in the other end.

Similarly, Huat et al. (2006) performed an experimental

study of the mechanisms of water infiltration in unsaturated

soil slopes and evaluated the stability of the slope based on

the water infiltration behavior. Using a sandy soil sample,

they prepared inclined soil models at different slope

angles—0�, 15�, 30� and 45� (with the help of hydraulic

jack) and applied a rainfall of 756 mm/h through a sprinkler-

type rain simulator. They also measured soil suction at

various depths. Although the presented data did not fully

support the conclusion, the authors concluded that water

infiltration rate in a soil mass becomes constant after some

length of time of rainfall. They observed that the infiltration

rate decreases with an increase in the inclination of the slope.

They argued that the infiltration rate is higher on a covered

slope compared to a bare slope. Some of the major issues we

observed in this study were—the test results pertinent to

suction were not consistent, and the rainfall that was applied

in the inclined direction might have caused a non-uniform

distribution of rainfall intensity throughout the model.

In addition to the above mentioned experimental model

testing, Tohari et al. (2007) performed experimental studies

on a 2.0 � 1.0 � 1.5 m size metal tank to understand the

mechanism of slope failure on river sand as well as residual

granite at angles of inclination of 45� and 32�. This research
utilized three different relative densities of soil; a rainfall

intensity of 100 mm/h was utilized throughout the study.

They also studied the effect of seepage on slope stability by

supplying water from the head of the slope using a constant

head water tank. The variation in the degrees of saturation

with time was measured with moisture sensors. They

concluded that the permeability of the soil and antecedent

soil moisture conditions control the slope stability. In this

study, time to initiate the failure was observed experimen-

tally without measuring the soil suction and the depth of the

water front with time. Moreover, analysis of partially

saturated condition was loosely described.

Among the studies available in the literature, none of the

studies incorporated the combined effect of soil suction,

rainfall intensity, and angle of inclination of slopes in trig-

gering shallow landslides. Moreover, either the rainfall

intensities were non-uniform throughout the slope or were

much higher than the reported rainfall intensities in various

parts of the world. In our study, experimental studies were

performed in a systematic manner to observe the infiltration

of water in sandy soil, variation in suction with intensity and

duration of rainfall and the effect of water infiltration as well

as change in suction on slope stability.

Materials and Methods

Experimental Modeling

Experimental models were prepared with double washed

sand. The proportion of sand was approximately 90 %,

with approximately 5 % fines. The soil was classified as

SW material according to USCS. Specific gravity of the

sand was 2.65. Horizontal and vertical coefficients of per-

meability of the sand were 8.0 � 10�3 cm/s and

4.3 � 10�3 cm/s, respectively. A 1.22 � 1.22 � 1.22 m

sized Plexiglas container was used to prepare the models.

The Plexiglas container provides visibility to mark the depth

of water front at various durations of rainfall. The rain

simulator that was used in this study was made of 16 special

sprinkler heads arranged in such a way that flow of water

could be controlled in the sprinkler system in order to vary

the intensity of rainfall from 18 to 360 mm/h. Separate slope

models were prepared at angles of inclination of 0�, 30�, 40�,
45� and 50� by compacting soil in the container at the void

ratio of 0.6 (40� slope) and 0.7. The experimental set-up is

presented in Fig. 1. Four tensiometers were installed in the

slopes, as presented in Fig. 2, in order to measure the spatial

variation in suction with the duration of rainfall. The
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tensiometers used in this study were miniature tensiometers

with a 0.5 cm2 surface area and 5 mm tip size (T5 type),

supplied by the Decagon Devices. The tensiometer can mea-

sure pore pressures ranging from �100 to +85 kPa with an

accuracy of �0.5 kPa. Slopes with angles of inclination of

0�, 40�, and 45� were first subjected to a rainfall with an

intensity of 240 mm/h. Then, slopes with angles of inclina-

tion of 30, 45, and 50 were subjected to the rainfall with an

intensity of 30 mm/h for 3 h. The movement of the water

front was marked at the boundary of slope around the Plexi-

glas container every 15 min and the values of suctions were

recorded every minute.

Results of the Study

The depth of water front with time can approximately reveal

the rate of infiltration of water into the soil mass. Depth of

the water front is an approximate indicator that illustrates

nearly saturation of soil as the soil above the water front (in

case of rain water percolating downwards) is considered to

be close to saturation, although it may not be fully saturated.

Presented in Figs. 3, 4, and 5 are the depth of water front in

those models prepared at 0�, 45� and 40� slopes, respectively
with a void ratio of 0.7. As could be observed in Fig. 3, the

water front reached a 10 cm height (equivalent to 46 cm

depth) in 20 min. As the slope was flat, the depth of the water

front was expected to be uniform throughout the model.

However, there were small spatial variations in the depth

of the water front at different locations. This can be

attributed to several factors, including a slight spatial varia-

tion in compaction densities of soil and in rainfall amount.

As the variation was not unacceptably high, the experimen-

tal results were considered reasonable. As observed in these

figures, the water front traveled an approximately 46 cm

vertical distance in 20 min in all slopes. In slopes (Figs. 4

and 5), the advance of the water front was approximately

Fig. 2 Location of tensiometers within slope. A tensiometer is shown

on the top right corner

Fig. 1 Plexiglas container with slope made of the double washed sand

at 45 and 50� inclinations, and rain simulator used in this study

Fig. 3 Depth of water front on a flat slope subjected to 240 mm/h of

rainfall, recorded at different periods

Fig. 4 Depth of water front on 45� slope having 240 mm/h of rainfall,

recorded at different periods
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parallel to the slope. This is inconsistent with the reports

available in the literature (Pradel and Raad 1993). Figure 6

also illustrates the depth of water front in the 40� slope

model prepared at the void ratio of 0.6. Figure 6 shows that

although the depth of the water front was parallel to the

slope, the rate of infiltration (i.e., the rate of movement of

the water front) is lower in the soil compacted at the void

ratio of 0.6 (denser soil) compared to the soil compacted at

the void ratio of 0.7 (looser soil). This is reasonable as the

hydraulic conductivity of soil decreases with the decrease in

void ratio.

Presented in Figs. 7 and 8 are the depths of water fronts at

different periods on 45� and 30� slopes, respectively when

those slopes were subjected to 30 mm/h of rainfall. The rate

of movement of water front was much slower than that with

4 mm/min of rainfall. As it can be observed in Figs. 7 and 8,

the rate of movement of the water front within the slope

(location b) is much faster than the rate of movement of the

water front in the flat portion on top of the slope (location a).

This can be attributed to the movement of water in an

inclined direction, especially for the saturated soil above

the water front. However, the angle of inclination of the

water front was less than the angle of inclination of the

slopes. In the case of the slope with a 30� angle of

inclination, it was observed that once the flat portion near

the toe (location c) became saturated, it completely filled the

drainage layer and started to supply water in the horizontal

direction as well. Therefore, the data below the dotted line

(indicated as seepage) is not considered for further analysis.

Figure 9 illustrates the values of suction observed at four

locations, described in Fig. 2. The initial suction at four

locations prior to rainfall ranged from 5.5 to 6.5 kPa. The soil

at the top (near tensiometer #4) required approximately 60 min

to reduce the suction close to 0 kPa, whereas the soil near the

Fig. 5 Depth of water front on 40� slope having 240 mm/h of rainfall,

recorded at different periods

Fig. 6 Depth of water front on 40� slope and void ratio of 0.6 having

240 mm/h of rainfall, recorded at different periods

Fig. 7 Depth of water front on 45� slope having 30 mm/h of rainfall,

recorded at different periods

Fig. 8 Depth of water front on 30� slope having 30 mm/h of rainfall,

recorded at different periods

Fig. 9 Variation in suction with duration of rainfall at locations

described in Fig. 2 for a 45� slope
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bottom of the slope (near tensiometer #1) required almost

120 min to drop the suction to 0 kPa. Please note that due to

the sensitivity of the tensiometer used in this study (i.e.

�0.5 kPa), measured suction may give an error of up to

0.5 kPa. The tensiometers installed at other two locations

within the slope also needed more than 60 min to become

saturated. The rates of change in suction with time at all four

locations were different. Locations near tensiometers 2 and 3

showed similar pattern in the reduction of suction with time.

Results presented in Fig. 9 show that the water fronts were not

able to progress to tensiometer #1 in 30 min and to

tensiometers #s 2 and 3 in 60min, after the initiation of rainfall.

Analysis of Test Results and Discussion

The main objective of this study was to identify a method

that can be used to calculate the velocity of the movement of

the water front in a sandy slope based on the intensity of

rainfall. Such relationships are beneficial in predicting the

movement of water front at different intensities and

durations of rainfall and evaluating the stability of slopes.

Presented in Fig. 10 are the travel distances of the water front

plotted with time at locations a, b, and c, for 0�, 40� and 45�

slopes, respectively when they were subjected to a rainfall of

240 mm/h. The movement of the water front showed a

parabolic correlation with time, as presented in (1), (2),

and (3). These equations are utilized later to develop the

relationships between velocity of movement of the water

front with the intensity of rainfall. As can be observed in

Fig. 10, the movements of the water front at location b were

faster than that at location a, although they are not signifi-

cantly different for such a high intensity of rainfall. The

velocity of the water front for a saturated soil mass can be

calculated theoretically with (4) (Pradel and Raad 1993).

The depth of the water front with time was also calculated

using (4). For durations larger than 5 min of rainfall, the

values calculated with the Eq. (4) were similar to the values

Fig. 10 Variation in travel distance of water front with duration of rainfall at locations a, b, and c in slopes with inclinations of 0, 40 (void ratio of

0.7), 45, and 40 (void ratio of 0.6) degrees, respectively
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obtained from the experimental modeling on the flat surface.

Calculated values using (4) were slightly higher than the

experimentally observed values at location a in the sloped

models. However, the calculated values were similar to the

observed values at location b, irrespective of the angle of

inclination of the slope. As can be observed in Fig. 10, the

rate of movement of the water front in soil with a void ratio

of 0.6 was approximately 15 % slower than the movement in

soil with a void ratio of 0.7.

Zw ¼ �0:091T2 þ 4:079T ð1Þ

Where, Zw ¼ Depth of water front in cm.; T ¼ Time

duration in minutes.

Zw ¼ �0:008T2 þ 2:366T ð2Þ

Zw ¼ �0:063T2 þ 3:406T ð3Þ

Tw ¼ μ

Kw
Zw � S:ln

Sþ Zw

S

� �� �
ð4Þ

where Tw ¼ Time required for water front to move a dis-

tance Zw; μ ¼ difference in volumetric water content before

and after wetting; Kw ¼ Saturated hydraulic conductivity;

and S ¼ Suction head at the water front.

Among the various objectives of this study was develop-

ing a relationship between the velocity of movement of the

water front in a slope with the intensity of rainfall. The

relationship was exponential for durations of rainfall shorter

than 10 min. For durations of rainfall longer than 20 min, a

second-order parabolic correlation was observed between

the velocity of movement of the water front with the inten-

sity of rainfall, as presented in Fig. 11. The corresponding

regression equation is presented in (5). Please note that the

velocity of the water front remains constant when the inten-

sity of rainfall is higher than the rate of infiltration in a soil

mass. The rate of infiltration (Vis) for saturated flow can be

calculated using the Green and Ampt (1911) model, as

presented in (6). For the soil slopes presented in this study,

the calculated rate of infiltration for saturated soil is approx-

imately 5 mm/min. However, it should be noted that the

hydraulic conductivity of the soil changes with the degree

of saturation. The seepage velocity calculated with (6)

applies to saturated soil. For partially saturated soil, the

velocity of flow could be as low as 10 % of this velocity.

This is the subject of separate research.

Vi ¼ 0:191 I2 þ 0:033 I ð5Þ

Vis ¼ Kw
Zw þ S

Zw
ð6Þ

The experimentally observed values showed that the

velocities of movement of water front were higher when

the angle of inclination of slope was higher at locations b

and c. This justifies that once gets close to saturation, water

moves in an inclined direction as well.

Summary and Conclusion

Experimental modelling was conducted in order to inves-

tigate the variation in the depth of the water front and

spatial distribution of suction in sandy slopes for slopes

ranging from 0� to 50� and intensities of rainfall of 30 and
240 mm/h. The results obtained from the experimental

studies show that infiltration velocity increases with the

intensity of rainfall. The infiltration velocity depends on

the angle of inclination of the slope and initial degree of

saturation. For soils with a high degree of saturation and a

high intensity of rainfall, the movement of the water front

is parallel to the slope.
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Curvature of Failure Envelopes for Normally
Consolidated Clays

Binod Tiwari and Beena Ajmera

Abstract

Shear strength parameters play an important role in the stability of slopes. Accuracy of the

analysis result depends on the nature of the failure envelopes used, especially in the case of

shallow landslides, where the shear strength is mobilized at low effective vertical stresses

(σn0). Ten normally consolidated samples prepared from mixtures of montmorillonite,

kaolinite and quartz were sheared in a constant volume simple shear device at the normal

stresses ranging from 25 to 800 kPa. From the results, it was noted that correlations for

undrained shear strength should be selected with respect to the anticipated failure mecha-

nism. The power function can be used to represent the curvature in failure envelopes. Direct

shear results suggests a lack of curvature in the effective failure envelopes for normally

consolidated clays. However, results from the simple shear testing show that failure

envelopes are curved for low effective normal stresses and thus, the use of a linear c0�ϕ0

envelope can be unconservative for shallow landslides.

Keywords

Undrained shear strength � Failure envelope � Curvature � Simple shear � Soil

minerals � Slope stability

Background

Shallow landslides and underground excavations pose some

of the most challenging problems in geotechnical engineer-

ing. In these situations, there is a redistribution of stresses

occurring under very low confining stresses. Therefore, an

overestimation of the shear strengths may result when linear

failure envelopes are assumed. Studies such as Baker (2004),

Pradel (1994) and Maksimovic (1989) have shown that

failure envelopes are not linear at low effective vertical

stresses. However, all three studies focused on coarse-

grained materials or compacted clays. Furthermore, the

strength of these materials was studied when the soils were

isotropically consolidated in the triaxial device at effective

stresses greater than 50 kPa. Bishop et al. (1965) also

conducted CU triaxial tests on London clay for effective

vertical stresses between 0.2 to 1,100 psi. They noted that

the failure envelope has a very distinct curvature. Ponce and

Bell (1971) used triaxial testing to apply effective stresses of

0.14–0.22 psi on sand. The failure envelope was also noted

to be curved at low effective stresses.

Since field conditions are anisotropic and the curvature is

most significant at low effective stresses, there is still a lack

of thorough understanding of the curvature at effective

normal stresses lower than 50 kPa for normally consolidated

clays. In part, this can be attributed to the difficulty

associated with maintaining low stresses in the drained ring
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shear and direct shear tests. Possible alternatives are to

conduct constant volume simple shear tests or CU triaxial

tests so that for the same total normal stress, a lower effec-

tive normal stress can be measured as a result of pore

pressure generation during the shearing process. In fact, the

first simple shear device probably introduced by Taylor

(1952) as a modification to the conventional direct shear

device to allow drainage control in order to reduce the time

required to obtain effective shear strength measurements. In

his paper, he concluded by stating that “direct shear data

obtained under properly controlled conditions are probably

sufficient for the great majority of investigation and they can

be obtained in much less time than required for triaxial

data.” Airey et al. (1985), Airey and Wood (1987), Ladd

(1991), and Baxter et al. (2010) stated that the simple shear

device has many advantages over the triaxial device includ-

ing the following: (a) The sample preparation is easier;

(b) The failure mechanism of the direct shear device is

better resembled by the simple shear device than the triaxial

device; Simple shear requires the use of significantly smaller

samples, which are less susceptibility to disturbance during

preparation; (c) The samples are consolidated under aniso-

tropic (Ko) conditions, which resembles the in-situ

conditions better than isotropically consolidated samples

from the triaxial apparatus; (d) Simple shear device requires

shorter consolidation times; and (e) Principal stress rotation

is allowed.

Evans (1972) stated a very common geotechnical concern

in Southern California is surficial failures that occur in

compacted clay slopes after extended periods of rain. In

particular, Gill (1967) estimated that for developed

properties that the surficial slope failures account for 95 %

of the problems associated with land movements. These

failures are a result of swelling of the clays that have

desiccated and shrunken during the hot and dry summers.

The swelling is caused by the water seeping through the

cracks within the soil mass resulting in saturations, which

is associated with a loss of strength and a reduction in

effective vertical stress (Day and Axten 1989). Day and

Axten (1989) as well as Zaruba and Mencl (1976) found

that at low normal stresses the cohesion is very small. More-

over, they stated that the cohesion approaches zero, thus,

suggesting curvature of the failure envelope. Day and Axten

(1989) concluded that as a result of the decreasing cohesion

as the effective stress reduces, the factor of safety estimated

is dependent in the normal stresses used to determine the

strength parameters. Moreover, when the high normal stress

parameters are used for shallow landslides, the factor of

safety can be overestimated leading to failures.

Penman (1953) tested dry powder silt from Braehead

Power Station, Scotland. The silt has a liquid limit of 24.6

and the plastic limit could not be determined. The silt was

tested under drained conditions for normal stresses of 15, 30,

60, and 100 psi. Undrained testing was conducted for a

normal stress of 5 psi. It should be noted that the failure

envelopes presented in the paper were linear. However,

Penman (1953) stated that the failure envelope of the silt

under undrained conditions varied with the confining pres-

sure applied. In particular, the silt was stated to have a failure

envelope with a cohesion intercept and non-zero friction

angle until a limiting cell pressure beyond which the failure

envelope is horizontal (zero friction angle). In the case of the

silt tested, the limited cell pressure was found to be approxi-

mately 65 psi.

Materials and Methods

Commercially available minerals were used to prepare ten

different proportions of montmorillonite with quartz and

kaolinite with quartz. The liquid limit of these specimens

ranged from 8 to 61 and plasticity indices ranged from 4 to

21. A soil-water mixture for each sample was prepared

by mixing the appropriate amounts of the dry mixtures by

weight with an initial moisture content equal to the

corresponding liquid limit. The initial moisture content was

set equal to the liquid limit based on the recommendations

by Burland (1990). Furthermore, this initial moisture content

is consistent with that selected by Tiwari and Ajmera (2011)

for direct shear testing and thus, allows for comparison

between the results. Each sample was then allowed to

hydrate for a period of 24 h in an air tight container with

special attention to ensure that there was no loss of moisture

during this time. After the hydration period, the soil-water

mixture was stirred in a batch-mixer to form a slurry. The

slurry was then placed into the simple shear device, laterally

confined by a rubber membrane and stacked Teflon rings.

The sample was then consolidated with an effective vertical

stress of 25 kPa. The completion of the primary consolida-

tion was determined via the use of the real-time log of time

versus vertical deformation curves generated by the fully

automated data acquisition and reporting system connected

to the simple shear device. Upon the completion of the

primary consolidation phase, shearing rate was calculated

based on the ASTM procedure. The calculated shearing rates

for all of the specimens were faster than 0.01 mm/min.

Therefore, the consolidated samples were sheared at a rate

of 0.01 mm/min, to be in a conservative side. At the end of

the test, the entire sample was removed from the apparatus

and oven dried for 24 h in order to determine the dry weight.

Separate samples from the same batch were consolidated to

vertical stresses of 50, 100, 200, 400, and 800 kPa and

sheared. In this study, the pore water pressure was back-

calculated from the change in the effective vertical stress in

order to maintain constant volume of the sample (Airey and

Wood 1987; Bjerrum and Landva 1966; Dyvik et al. 1987).
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The resistance of the membrane and the stacked Teflon

rings was determined by shearing a sample full of water at a

rate of 1 mm/min. A regression curve between shearing

resistance and shear deformation was determined and used

to subtract the shearing resistance obtained for the

corresponding shear displacements for all the soil samples.

Results of the Study

A typical shear stress versus strain plot is shown in Fig. 1 for

the entire range of normal stresses for one sample. A typical

pore pressure versus strain plot is shown in Fig. 2 and the

stress paths are shown in Fig. 3. As expected the shear stress

and the pore pressure increases as the consolidation pressure

increases. Moreover, as the consolidation pressure increases,

more signification strain softening was observed. Similar

trends were observed for the remaining samples.

Undrained Strength Ratios

There are two well-known and commonly used trends for

estimating the undrained strength ratios. The first was pro-

posed by Skempton (1957) and the second by Ladd (1991).

Both of these correlations are applicable for use when deal-

ing with low plasticity soils. The results obtained in this

study were compared to the trends proposed by Skempton

(1957) and Ladd (1991) as shown in Fig. 4. As seen from

Fig. 4, Ladd’s equation accurately estimates the undrained

strength ratio for the majority of the data. Although there

appears to be a large amount of scatter, the relationship

presented by Ladd (1991) contained approximately the

same amount of scatter.

Accuracy of Simple Shear Results for Drained
Conditions

As a result of the conclusions in Budhu (1984), it seems that

the suitability of the simple shear device for strength

measurements be evaluated in terms of the results obtained

on real soils rather than theoretical simulations. In fact,

many researchers have compared the results obtained from

the simple shear device to those obtained with more conven-

tional techniques. One such study was completed by

Bjerrum and Landva (1966), which tested undisturbed

samples using the vane shear, triaxial and simple shear

apparatuses. They found that the results from the simple

shear device were closer to those obtained in the field with

the use of the vane shear device as well as those back-

calculated in slope failures in comparison to those from the

triaxial device. In fact, the triaxial test results were

considerably higher than those measured in the field and

therefore, leading to failures. Similar results were found by

Ladd and Edgers (1972) when simple shear results were

compared to those obtained from the back-analysis of failed

embankments. The results obtained in this study from the

simple shear device were compared to those presented by

Tiwari and Ajmera (2011) for the same samples obtained

with the use of the direct shear device. A comparison of the

Fig. 1 Typical stress versus shear strain curves

Fig. 2 Typical pore pressure versus shear strain curve

Fig. 3 A typical stress path
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failure envelopes is shown in Fig. 5. As expected, the

undrained shear strength is less than that of the effective

shear strength. However, it can be seen that the results from

the simple shear match very well with the results from the

direct shear device. The trends obtained for other samples

were similar. Figure 6 shows a comparison of the friction

angles measured from the simple shear device to those

measured from the direct shear device. It can be seen that

the simple shear results were within �8 % of the direct

shear results.

Curvature of the Failure Envelopes

Tiwari and Ajmera (2011) tested normally mineral mixtures

in the direct shear device at effective normal stresses of 50,

100, 150, and 200 kPa. From their results, they suggested

that failure envelopes are linear based on visual inspection.

In order to numerically determine the lack of curvature, the

power function, shown in (1), was fitted to the data provided.

In (1), τ is the shear stress, pa is the atmospheric pressure, σn0

is the effective normal stress, while A and B are correlation

parameters. Furthermore, note that B represents the curva-

ture of the graph. Note that a property of the power function

is that it will always pass through the origin of the graph

regardless of the values of A and B.

τ=pa ¼ A σn
0=pað ÞB ð1Þ

The correlation coefficients for A and B were calculated

for the direct shear data. Itwas observed that the value of B is

approximately one for all of the samples except for one.

Therefore, the failure envelopes obtained from the direct

shear device are linear with zero cohesion.

Visually inspecting the failure envelopes over the entire

range of normal stresses tested, through figures similar to

that in Fig. 5, suggests that the failure envelopes are linear.

However, examination of the failure envelope for the range

of effective vertical stresses less than 100 kPa reveals curva-

ture. For Sample #5, the failure envelope for effective verti-

cal stresses less than 100 kPa is shown in Fig. 7. Although

similar figures were prepared for the remaining nine

samples, the results are not presented here due to the space

limitations. However, similar trends were observed for all of

the samples. As Fig. 7 shows, the best-fit linear envelope

would have some cohesion. However, the data presented is

for a normally consolidated sample that has not aged and

therefore, there should no cohesion. Thus, the failure enve-

lope must be curved.

Curvature is also noted when the secant friction angle is

plotted against the effective normal stress. As the effective

Fig. 4 Comparison with previously proposed undrained strength ratio

correlations

Fig. 5 Typical total and effective stress shear envelopes

Fig. 6 Comparison of effective friction angles obtained with direct

and simple shear tests
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normal stress increases, the effective secant friction angle

reduces with a greater sensitivity at lower effective vertical

stresses. The sensitivity advocates that the curvature is

greater at lower effective stresses. This is necessary in

order for the failure envelope to pass through the origin.

As with the direct shear data, the A and B parameters were

calculated for the simple shear measurement. Except for one

sample, B was significantly less than 1. Therefore, using the

properties of the power function, the failure envelopes were

indeed curved.

Influence of the Curved Failure Envelopes
on Slope Stability Analysis

Day and Axten (1989) analyzed a fictional slope with sides

at 1.5 horizontal to 1 vertical using the strength parameters

obtained at high effective stress and those obtained at low

effective stresses. Specifically, for the high effective stress

parameters, the material was said to have a higher cohesion

and a lower friction angle than those obtained for low effec-

tive stresses. They found that the slope had an acceptable

factor of safety of 2.0 with high effective stress parameters

and an unacceptable factor of safety of 0.8 with the strength

parameters obtained low effective stresses.

In this study, a shallow slope in Nepal was analyzed using

RocScience Slide 6.0. The cross-section of the slope along

with the location ground water table and the sliding surface

that caused failure is shown in Fig. 8. The material in the

slope is assumed to be homogenous and anisotropically

consolidated for Ko conditions. Moreover, the material in

the slope was similar to that presented in the above figures.

The slope was analyzed for four different failure conditions.

The envelopes used are as follows: (a) Linear c0�ϕ0 Enve-
lope; (b) Linear c0 ¼ 0 Envelope; (c) Curved Effective

Envelope; (d) Undrained Linear Envelope. Spencer’s

method was used for the analysis. It should be noted the

undrained failure envelopes for all of the samples were

linear with zero cohesion. The results for all of the envelopes

show the facors of safety of 1.2, 1.0, 0.9, and 0.4 for the

cases a, b, c, and d, resoectively. Using traditional linear

c0-ϕ0 envelope would predict a factor of safety about 22 %

higher, and therefore, a safe slope as a result of the cohesion.

However, the curved envelope suggests that that the slope

will fail.

Another slope in Nepal with the same material properties

was analyzed. However, the sliding surface for this landslide

is deep and the cross section with the water table is shown in

Fig. 9. The factor of safety was calculated for this sliding

surface using the four envelopes described above and the

results were 1.5, 1.5, 1.4, and 0.5, respectively.

These analyses explain that the curvature of the failure

has little effect on the calculated factor of safety for a deep

seated failure. It can be seen that the use of a linear c0�ϕ0

envelope can be unconservative for shallow landslides.

Fig. 8 Cross section of the shallow landslide
Fig. 7 Typical failure envelope for effective normal stress less than

100 kPa

Fig. 9 Cross section of the deep seated landslide
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Summary and Conclusion

The undrained shear tests conducted on ten mineral

mixtures prepared from montmorillonite, kaolinite and

quartz were useful to make following conclusions: (a)

Correlations for undrained shear strength should be

selected with respect to the anticipated failure mecha-

nism, (b) The power function parameter B can be used

as a check for curvature, (c) Simple shear accurately

predicts drained shear strengths, (d) The failure envelopes

are curved for low effective normal stresses and thus, the

use of a linear c0�ϕ0 envelope can be unconservative for

shallow landslides.
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Experimental and Numerical Studies on the Effect
of Rainfall on Triggering Shallow Landslides

Binod Tiwari, Katsuyuki Kawai, Adam Lewis, and Phommachanh Viradeth

Abstract

Rainfall is considered one of the major triggering factors for shallow landslides. The effect

of rainfall in causing landslides depends on the intensity and duration of rainfall, the type of

soil, the inclination of the slope, and ground water conditions. The majority of slope

stability problems in shallow slides involve partially saturated soils. Although experimental

modelling of slopes subjected to various intensities and durations of rainfall are ideal to

evaluate the effect of rainfall on slope stability, it is time consuming and expensive.

Numerical simulation of such experimental modelling can save a great deal of time and

cost. In this study, slope models were prepared at angles of inclination of 30� and 45� with
double washed construction sand, at a void ratio of 0.7. The slopes were subjected to

30 mm/h of rainfall for 3 h. Spatial variation of suction during the rainfall and depth of

water front with time were measured for the entire rainfall period. The depth of water front

and spatial variation of suction were also calculated through the finite element model

(FEM) that was developed based on a hydro-mechanical model developed for the partially

saturated soil. The numerical and experimental results provided identical results. The

numerical result was extended to predict the spatial variation of suction, depth of water

front and deformation of slope subjected to higher intensity of rainfall.

Keywords

Partially saturated soil � Suction � Water front � Finite element analysis � Rainfall

intensity � Slope stability

Background

Damage caused by rainfall-triggered shallow landslides is

well documented in the literature. Although shallow

landslides are caused by various factors such as rainfall,

earthquakes, and anthropogenic causes, statistics show that

rainfall-induced shallow landslides are much frequent than

landslides triggered by other factors. Fukuoka (1980)

reported that the annual number of documented landslides

in Japan exceed 10,000, and could reach 100,000, if

documented properly. Similar numbers of shallow landslides

are reported all over the world. The depth and steepness of

shallow landslides are reported to be 0.5–2 m and 30–50�,
respectively. Significant monitoring and warning systems
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have been implemented in various countries including USA,

Japan, and Italy, in order to predict potential shallow sliding

based on the calculated threshold rainfall amounts.

Various studies that have been conducted to evaluate the

effect of rainfall on the stability of shallow slides loosely

incorporate seepage conditions for partially saturated soils.

Moreover, the numerical simulation results have not been

verified with the experimental or field data. In this study, we

conducted experimental studies on the change in the depth of

water front and suction in soil with time and verified the

results with the results obtained from the fully coupled

hydro-mechanical model that was developed for partially

saturated soils. The numerical results were further utilized

to predict the velocity of movement of the water front based

on the intensity and duration of rainfall at different

inclinations of slopes. In this paper, the experimental

modelling results are described briefly, but the numerical

modelling results are described in more detail.

Materials and Methods

Experimental Modeling

Experimental models were prepared with double washed

sand. The proportion of sand was approximately 95 %,

with approximately 5 % fines. The soil was classified as

SW material according to USCS. Specific gravity of the

sand was 2.65. The horizontal and vertical coefficients of

permeability of the sand were 8.0 � 10�3 and

4.3 � 10�3 cm/s, respectively. Soil water retention charac-

teristic curves were prepared by measuring suctions in soil

samples that were prepared in a 30 cm � 30 cm � 30 cm

containers at different degrees of saturation, both for dry to

wet and wet to dry cycles. A 1.22 m � 1.22 m � 1.22 m

sized Plexiglas container was used to prepare the models.

The Plexiglas container provides visibility to observe the

depth of the water front at various durations of rainfall.

The rain simulator used in this study was made of 16 special

sprinkler heads arranged in such a way that the flow of water

could be controlled in the sprinkler system in order to vary

the intensity of rainfall from 18 to 360 mm/h. Separate slope

models were prepared at angles of inclination of 30� and 45�

by compacting soil in the container at the void ratio of 0.7

(corresponding relative density of 30 %). The experimental

set-up is shown in Fig. 1. Four tensiometers were installed in

the slopes, as shown in Fig. 2, in order to measure the spatial

variation in suction with the duration of rainfall. The

tensiometers used in this study were miniature tensiometers

with a 0.5 cm2 surface area and 5 mm tip size (T5 type),

supplied by Decagon Devices. The tensiometer can measure

pore pressures ranging from �100 kPa to +85 kPa with an

accuracy of �0.5 kPa. Each slope was subjected to a rainfall

having an intensity of 30 mm/h for 3 h. The movement of the

water front was marked at the boundary of the slope around

the Plexiglas container every 15 min and the values of

suction were recorded every minute.

Numerical Modeling

The soil-water-air coupled hydro-mechanical model devel-

oped by Kawai et al. (2007) was used in this study. Soil

water retention characteristics curves were used to calculate

the relationship between moisture content and suction.

Fig. 1 Plexiglas container, slope made of double washed sand at a 30�

inclination, and the rain simulator used in this study

Fig. 2 Location of tensiometers within the slope
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The procedure proposed by Kawai et al. (2009), based on the

approach recommended by Sugii and Uno (1996), was

utilized to evaluate the parameters of the soil water retention

characteristics of the tested soil sample. The equation

utilized for the shape of drying and wetting cycles, i.e., the

hysteresis of the soil water retention characteristics curves

are presented in Eq. (1).

Sr � Src
Srf � Src

¼ 1

1þ exp Aþ Blogesð Þ ð1Þ

where,

Sr is degree of saturation; Srf is degree of saturation at

s ! 0; Src is degree of saturation at s ! 1; s is initial

suction; and A and B are curve-fitting parameters.

In this study, a soil/water/air coupled finite element analy-

sis program was developed to evaluate the effect of rainfall on

the variation in suction. Darcy’s law applies for coefficients of

permeability of both water and air. The relationships devel-

oped, as presented in Eqs. 2 and 3, were utilized in this study.

Darcy’s law for water permeability is calculated as:

vw ¼ �Kw � grad h ¼ �krwkw � gradh ð2Þ

Here, grad h ¼ ∂h
∂x

þ ∂h
∂y

Darcy’s law for air permeability is calculated as:

va ¼ �Ka � grad Pa

ρwg

� �
¼ �kraka � grad Pa

ρwg

� �
ð3Þ

Here, grad
Pa

ρwg

� �
¼

∂
Pa

ρwg

� �

∂x
þ
∂

Pa

ρwg

� �

∂y
Several functions of water and air permeability have been

proposed in the literature. In this study, the equation pro-

posed by Mualem (1974) for water permeability and the

equation proposed by Van Genuchten (1980) for air perme-

ability of unsaturated soil were used. The equations for the

ratios of water and air permeability with the permeability of

saturated soil (Krw and Kra respectively, herein after referred

as the relative coefficient of permeability) are presented in

Eqs. 4 and 5, respectively. Water permeability of soil is:

krw ¼ Se
1
2 1� 1� Se

1
m

� �mh i2
ð4Þ

Air permeability is calculated as:

kra ¼ 1� Seð Þγ 1� Se
1
m

� �2m ð5Þ

where, m is Mualem’s coefficient, which is taken as 0.8 in

this study; γ is a shape parameter, which ranges between

0.33 and 0.50, and Se is effective degree of saturation.

Results of the Study

Experimental Modeling

The variation in the depth of water front that was recorded at

30 min intervals in slopes having angles of inclinations of

45� and 30� are presented in Fig. 3. As it can be seen in

Fig. 3, the rate of movement of the water front within the

slope is much faster than the rate of movement of water front

in the flat portion at the top of the slope. This can be

attributed to the movement of water in an inclined direction,

especially for the saturated soil above the water front. How-

ever, the angle of inclination of the water front was less than

the angle of inclination of the slopes. In the case of the slope

with a 30� angle of inclination, it was observed that once the
flat portion near the toe became saturated, it completely

filled the drainage layer and started to supply water in the

horizontal direction as well. Therefore, the data below the

dotted line (indicated as seepage) is not considered for

further analysis.

Figure 4 illustrates the values of suction observed at four

locations, as described in Fig. 2. The initial suction at the

four locations prior to rainfall ranged from 5.5 to 6.5 kPa.

The soil at the top (near tensiometer #4) required approxi-

mately 60 min to reduce the suction close to 0 kPa, whereas

the soil near the bottom of the slope (near tensiometer #1)

required almost 120 min to drop the suction to 0 kPa. Please

Fig. 3 Depth of water front at different durations of rainfall in model

numbers 8 (top) and 7 (bottom)
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note that due to the sensitivity of the tensiometer used in this

study (i.e. �0.5 kPa), measured suction may give an error of

up to 0.5 kPa. The tensiometers installed at the other two

locations within the slope also needed more than 60 min to

become saturated. The rates of change in suction with time at

all four locations were different. Locations near tensiometers

2 and 3 showed a similar pattern in the reduction of suction

with time. The results presented in Fig. 4 show that the water

fronts were not able to progress to tensiometer # 1 in 30 min

and to tensiometers #s 2 and 3 in 60 min after the initiation of

rainfall.

Numerical Modeling

Shown in Fig. 5 is the soil water retention characteristics

curves prepared for both wetting and drying cycles of the

degree of saturation–suction relationship curve. Equation 1

represents the regression curves for both dry and wet cycles.

The suction parameters A and B (Eq. 1) were calculated for

both drying and wetting cycles using the experimentally

derived values, as presented in Fig. 5. These parameters

were used to calculate the values of suction in soil at differ-

ent degrees of saturation during the numerical simulation.

Equations 1 through 5 were combined to calculate the

depth of the water front during rainfall, and corresponding

values of the degree of saturation and suction. Presented in

Fig. 6 are the spatial distributions of suction in slopes with

angles of inclination of 45� and 30�, compacted at a void

ratio of 0.7, prior to rainfall. Suction ranged from 5.5 to

6.5 kPa in both slopes. Presented in Fig. 7 are the values of

suction in those slopes after the application of 30 mm/h of

rainfall for 3 h. The depth of water front, depicted by zero

suction, can be seen in both figures. As expected, the depth

of water front was higher in the steeper slope. Once the water

saturates the toe of the slope, water starts to flow towards the

slope in a horizontal direction as a result of a significantly

high coefficient of permeability of gravel (drainage layer).

Based on the numerical simulation result, the movement of

the water front appeared to be parallel to the slope until the

soil at the right side of the toe was fully saturated with rain

water. After that, the soil close to the toe received water from

rainfall as well as the seepage water from the saturated soil

mass below the toe. This caused a slight deviation in the

shape of the water front from the shape before the toe

became saturated. The effect, right after 3 h of rainfall, is

more pronounced in the slope with an inclination of 45�

compared to the slope having an inclination of 30�.
Comparison between the numerically computed and

experimentally observed values of the depths of the water

front for a 45� slope after 30, 60, 90, and 180 min of rainfall

are presented in Fig. 8a–d, respectively. Figure 8 also

includes the numerically simulated values of the depths of

the water front for the intensities of rainfall of 1.0 mm/min

and 1.5 mm/min, whichever are applicable. The calculated

and observed locations of the depth of the water front were

very close near the flat portions on top of the slope (location

a, Fig. 2) and bottom of the slope (location c, Fig. 2). How-

ever, the actual location of water front was lower than the

front predicted by the numerical simulation within the

inclined portion of the slope (location b, Fig. 2). Similarly,

the location of the water front was slightly higher than the

numerically simulated position in the case of location a, but

was lower than the numerically simulated positions at loca-

tion b for the durations of 60, 90, and 180 min of rainfall.

The experimentally observed and numerically simulated

positions of water front were close at location c for 60, 90

and 180 min of rainfall. Similar results were obtained for the

30� slope.
Comparison between the suctions obtained with the

numerical simulation and model experiments for four differ-

ent locations T1, T2, T3, and T4, described in Fig. 2, are

presented in Fig. 9a–d, respectively. The numerical values

differed from the observed values by less than 0.5 kPa. In the

Fig. 4 Variation in suction with the duration of rainfall at locations

described in Fig. 2 for a 45� slope

Fig. 5 Soil water retention characteristics curves of tested sample,

derived from lab test
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Fig. 6 Variation of suction in slopes prior to rainfall—(left) 45� slope, (right) 30� slope

Fig. 7 Variation of suction in slopes after 3 h of rainfall—(left) 45� slope, (right) 30� slope

Fig. 8 Experimentally observed and numerically simulated positions of water front for different durations of rainfall
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majority of the cases, the numerical calculations showed

lower suction values. Considering the precision of the tensi-

ometer (i.e.�0.5 kPa), the numerically calculated values are

considered to be reasonably accurate. This shows that the

proposed numerical modeling technique can be utilized with

reasonable accuracy to calculate the spatial distribution of

suction in slopes during rainfall on partially saturated slopes.

Summary and Conclusions

Experimental and numerical modelling were conducted

in order to investigate the variation in the depth of the

water front and spatial distribution of suction in sandy

slopes with two different inclinations during a rain event

that produced 30 mm/h of rainfall for 3 h. The model

developed by the authors that incorporated a hydro-

mechanical coupled analysis for partially saturated soil

with a finite element modelling technique was able to

predict the depth of the water front and variation in

suction with reasonable accuracy. This model was also

utilized to evaluate the depth of the water front and

variation in suction as well as a deformation analysis of

slope for various intensities and durations of rainfall.
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Feasibility Analysis of Loess Slope Improved by Lime
Pile

Wanjiong Wu, Shouyun Liang, Fanyu Zhang, Xude Yan, and Jianji Zhou

Abstract

Lime has powerful characteristics of hygroscopicity, expansibility and gelation with soil,

so a slope can be strengthened by placement of lime piles. In this paper, experiments have

been performed to investigate the diffusion characteristic of lime in loess, and the influence

of lime to the physical and mechanical properties of loess also have been examined, in

order to verify the feasibility of using pile to improve the stability of slope. The results

show that it is feasible to improve stability of slope by lime piles. Pile spacing should be set

about 8.5 times as many as the diameter of the pile when the pile holes arranged according

to the plum flower form from this test. Moreover, lime piles strengthen the loess slope

mainly by gathering and cementing the clay grains in loess.

Keywords

Lime piles � Loess slop � Diffusion � Landslide prevention

Introduction

Loess is widely distributed in the northwest of China. It has

stable structure, affluent vertical joints and obvious collaps-

ibility (Wang and Gao 2012). The loess landscape such as

loess tablelands, loess ridges, loess hills and loess gullies are

shaped due to the dual function of accumulation and erosion,

and always form high and craggedness natural slopes (Liu

2007). However, a lot of loess slopes have been generated

during the construction of infrastructures, like highways or

railways etc. posing a threat to people’s lives and properties

(Yang et al. 2000). So, it is very important to improve the

stability of loess slope in loess area. Statistics show that loess

landslides and debris flow are major geohazards in Lanzhou

City, accounting for more than 60 % of its total geohazards

(Ding and Li 2009).

Lime has used to strengthen soft soil foundation (Mathew

and Narasimha 1997), owing to its strong water-absorbing

capacity, expansibility and physical absorption reaction

between lime and soil grains. Specifically, it increases the

soil strength and water stability by improving the engineering

properties through physical and chemical reactions. Later,

lime piles were used to solidify foundations by punching

into the foundation soil, and then injecting lime powder to

form lime piles (Wang and Cheng 1994). Because of lime

hydration expansion of compaction, exothermic dehydration,

ion exchange, gelling effect and the effect of displacement of

a pile group or compaction due to punching, it greatly

improves the foundation bearing capacity. At present, using

lime to strengthen loess has been studied, and is mainly used

as embankment and foundation treatment (Metelková et al.

2012; Lin et al. 2007). Lime added in loess produces a series

of physical and chemical reactions with clay soil grains (Lin

and Liu 2003). As a result, loess is solidified by changing its

engineering properties. Loess landslides occurred frequently

in the northwest of China (Zhang et al. 2013). If we use the

idea that lime piles solidify loess, it can emerge as a new

method to prevent and mitigate landslides. At the same time,

lime piles can function as anti-slide piles.
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Physical experiment is performed to simulate the diffu-

sion process of lime pile in loess. The physical, chemical and

mechanical properties of loess are tested to illustrate the

solidification phenomenon of loess surrounding the lime

pile. The characteristics of solidified loess are analyzed, as

well. Moreover, the primary reasons that lime pile solidifies

loess from the perspective of diffusion have been discussed.

This study provides guidance for further application of lime

piles to improve stability of loess slope successfully.

Materials and Methods

Materials

Loess tested in lab is part of the Malan loess stratum at

Jiuzhou platform, Lanzhou city, Gansu province. The

Malan loess stratum is the main place of living and produc-

tion activities. Its thickness is over 30 m (Li et al. 2007). The

physical and chemical properties are shown in Table 1. Lime

used in this study is produced by Tianjin Guangfu Exquisite

Chemical Research Institute. The content of CaO was over

90 % and weight loss after ignition was about 2 %. In

addition, it contains a small amount of insoluble acetic

acid, chloride, sulfate, nitrate, iron, lead, alkali metal and

magnesium and other impurities. It satisfies the requirements

of JC/T479-92 standard for building quick lime.

The home-made square steel box is used (450 � 450

� 300 mm) to maintain the soil sample (Fig. 1a). In the

middle of box a movable rigid plastic tube (External diame-

ter, D ¼ 40 mm) is arranged in order to form a lime pile

(Fig. 1b).

Methods and Procedure

The loess was dried at 105 �C for 24 h to remove the clastic

impurities by sieving through 0.5 mm size sieve after the

loess cooled down to room temperature. According to the

design, dry density (ρd) was 1.5 g/cm3 and optimum mois-

ture content (ωopt) was 15 %. The soil was divided into 15

equal portions and placed into black plastic bag and sealed

for 24 h after evenly mixing with the corresponding distilled

water. The plastic tube was installed and surrounded with the

mixed soil to fill up the maintain box. The plastic box was

slowly rotated out of the maintain box while packing the pile

hole with lime atr a moisture content of 15 %. The box was

sealed for 22 days.

After completion of the maintenance, the 50 mm thick

surface soil layer was scrapped off in order to reduce the

influence of boundary conditions. Then the surface was

flattened to conduct miniature vane shear test and hardness

test. Once again, 30 mm thick disturbed soil layer was

scrapped off, and four concentric rings spacing was carved

at 50 mm centered on pile axis (Fig. 2a). Then with a small

ring knives (inner diameter d ¼ 28 mm) take samples as

shown in Fig. 2b. Physical properties were measured based

on GB/T50123-1999. The specific surface area (SSA) and

cation exchange capacity (CEC) were measured with meth-

ylene blue adsorption method (Santamarina et al 2002;

Savant 1994).

Results and Discussion

The soil samples are marked as Rx (x ¼ 50, 100, 150 and

200) in order to collect data and perform the analysis easily.

Soil in box is assumed to be homogeneous and share same

physical and mechanical properties before test. Lime can

absorb moisture and diffuses into loess because of its tiny

particles, and strong water imbibition. As a result, the physi-

cal and mechanical properties of loess will changed due to

changes in the structure. So, we can speculate the effect of

improvement by testing the physical and mechanical

properties of samples that are located around the lime pile.

Table 1 Physical and chemical properties of loess

Physical properties Chemical properties

Gs 2.73 g/cm3 SSA 29.97 m2/g

IP 11.79 CEC 4.01 cmol/kg

LL 28.25

Fig. 1 Schematics of testing equipment. (a) Maintain box. (b) Sketch

map of equipment
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The Effect on Physical Properties of Loess from
Lime Pile

Water content will greatly influence the stability of slope,

due to the strong collapsibility and disintegrative of loess.

Void ratio is the crucial physical index that represents the

compaction of loess. Figure 3 shows the maximum, mini-

mum and average values of water content and void ratio

change along with radius. From the chart, it is clearly shown

that water content (ω) and void ratio (e) decreased in com-

parison to the original soil samples (ω ¼ 15 % and

e ¼ 0.82). In particular, every physical properties of

improved soil samples located in R ¼ 50 mm change signif-

icantly. The average moisture content is 13.47 % and aver-

age void radio is 0.63. Meanwhile, the moisture content and

void ratio, when R ¼ 200 mm, are close to the corres-

ponding value of original soil sample. It is revealed that

lime piles only improve the soil within a certain radius in

this test, and with the increase of radius the improvement

gradually decreases.

Loess belongs is a clay with low liquid limit, and the

content of clay in loess is very important to its engineering

geological properties (Lin and Liu 2003). An increase in

plasticity index causes an increase in the content of clay and

reduction in the stability. Figure 4 shows the change in liquid

and plastic properties with radius. We can find some regular

changes from the chart, that plastic index (IP) of soil sample

the one located close to lime pile is minimum. As lime diffuses

into loess and reacts with the clay grains, IP is increases

along with the radius. When R ¼ 50 mm, IP ¼9.6, when

R ¼ 200 mm, IP ¼ 11.1, and the IP of original soil sample is

11.8. It indicates that the content of clay grain in loess

decreases, but within the range of influence of lime pile, the

content of clay grain is increases along with radius. Plasticity

index decreased due to a reduction in liquid limit and an

increase in plastic limit. It is show that lime improves loess

mainly by gathering and cementing the clay grains in loess and

at the same time decreasing the plastic index increasing the

water stability.

In order to further explore the influence of clay on the

engineering properties of loess, specific surface area (SSA)

and cation exchange capability (CEC) tests were conducted.

Results of the tests (Fig. 5) indicate that SSA values and

Fig. 2 Location of sample. (a) Physical map. (b) Sketch map
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CEC values increase along with the radius, but are lower

than the values of original soil sample, which mainly due to

Ca(OH)2 generated in the nitration reaction after lime

absorbed water, and released Ca2+. Then Ca2+ was

exchanged with the low charged ions absorbed on soil parti-

cle surface such as Na+, K+, H+ etc. As a consequence, a

reduction in the diffused double layer, gathering and

cementing clay grains. Furthermore, there is a decrease in

the dispersivity of the soil and an increase in its adhesiveness

then forming a stable coherence structure. Afterwards

recrystallization of lime reaction produces crystallization

of calcium hydroxide:

Ca(OH)2 + nH2O ¼ Ca(OH)2 · nH2O

Crystal products combined with each other then integrate

the clay grains form eutectic, resulting in a decrease in the

SSA and CEC values.

The Effect on Mechanical Properties of Loess by
Lime Pile

The mechanical strength of loess is the outward manifesta-

tion of loess improvement effect. It is also one of the most

concentrated engineering properties in the landslide prophy-

laxis and treatment projects. Micro cross section shear appa-

ratus and Piccolo hardness tests are innovatively used to test

shear strength and tensile strength of soil indirectly. The test

results are shown as Fig. 6. Shear and tensile strength have a

consistent trend, similar to the change of physical and chem-

ical properties. Compared with original sample, the values of

mechanical strength increase and display a rising trend along

with radius. Because of the expansion of the lime pile, which

absorbs water afterward, it leads to forming the expansion of

cracks and circular cracks, etc. within 50 mm (Fig. 7). So,

the mechanical strength of soil samples named R50 decrease

to the minimum. It is easily found that lime piles should be

mixed with some cement, fly ash or SH additive when they

are used to improve loess (Wang et al. 2005; Guo et al.

2004), instead of using only lime. It will weaken the expan-

sion of lime pile, enhance the mechanical strength of pile

itself and amplify the effect of anti-slide pile in the landslide

prophylaxis and treatment project.

Feasibility Analysis of Loess Slope Improved by
Lime Pile

Lime piles to improve the stability of loess slope mainly

involves imbedding lime piles into loess in the slope toe and

slope weak interlayer or shear zone of potential sliding

surface, and to make sure that the lime piles are perpendi-

cular to the slope (Fig. 8a). The water absorption and lime
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Fig. 7 Map of cracks reduced by lime expansion

Fig. 8 Sketch map of lime piles in loess slope. (a) Location of lime

piles. (b) Arrangement of lime piles
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diffusion into surrounding loess will increase its strength, so

that the stability of loess slope will be improved. Based on

the physical and mechanical strength characteristics of

improved loess, the space between piles can be determined.

From the test results, when the diameter of pile is 40 mm

(D ¼ 40 mm), the influence radius is about 200 mm. The

influence radius is about five times of pile diameter. If the

pile holes are arranged in the plum flower form, the pile

spacing can be calculated to be approximately 8.5 times the

diameter of the pile based on the geometric relationships of a

triangle and the edges. For example, if the diameter of pile is

80 mm, then the pile spacing will be 680 mm (Fig. 8b).

Conclusions

(a) It is preliminary demonstrated that lime piles can be used

to improve the stability of loess slope, but more physical

experiment or field test are needed to verify this fact. In

addition, lime piles should be mixed with some additives

instead of pure lime in practical engineering to make the

loess slope more stable.

(b) Under similar conditions to this test, the influence radius

of lime pile in loess is about five times of pile diameter.

If the pile holes are arranged according to the plum

flower form, pile spacing can be calculated to be about

8.5 times the diameter of the pile.

(c) Lime piles improve loess mainly depends on the water

absorption, ion exchange reaction and recrystallization

reaction. All of them cement clay grains in loess

forming a stable coherence structure, so that the loess

is improved.
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Effect of Soaking on Shear Strength of Weathered
Argillaceous Rocks Susceptible to Landsliding in the
Three Gorges Area of China

Baoping Wen, Hui Li, and Kaihao Ke

Abstract

Slope stability in the Three Gorges reservoir has been one of the greatest concerns for both

researchers and officials in China since inundation of the Three Gorges reservoir area.

Shear-strength reduction of the inundated slope materials may be one of the major causes

leading to slope failures. In this study, the shear strength of three kinds of weathered

argillaceous rocks that are most susceptible to landsliding was experimentally investigated

after soaking the material for different periods. It was found that reduction in shear strength

of all the three weathered argillaceous rocks and their strength parameters occurred

significantly after soaking for about 35 days, and that a very minor reduction was observed

after soaking for a longer period. The weathered argillaceous rocks with more particles

coarser than silt showed a greater reduction in internal friction angle, while those with more

clay and silt displayed a greater decrease in cohesion. Particle analysis of the weathered

argillaceous rocks after soaking, the compositions of their clay minerals and chemical

analysis of the soak water suggested that shear strength reduction of the weathered argilla-

ceous rocks may be attributed to a combination of slaking of rock fragments coarser than

silt, hydration of clay minerals, and dissolution of calcite, as well as hydrolysis of feldspar

due to soaking.

Keywords

Weathered argillaceous rock � Shear strength � Soaking � Slaking � Hydrations �

Dissolution � Hydrolysis

Introduction

Landsliding is one of the geological hazards that poses the

greatest risk to the Three Gorges area due to its steep hilly

terrain and complex geology. It has been commonly

believed that construction of the Three Gorges dam will

raise the landslide risk in the area as a result of either

inundation or drawdown of the reservoir water, or both.

One well-known case induced by reservoir inundation was

the Qianjiangping landslide, which occurred on July 13,

2003 when the reservoir was impounded to an elevation of

135 m for 43 days (Wang et al. 2004; Wen et al. 2009). It has

been extensively investigated, and shown that among the

rock types predisposed to landsliding in the Three Gorges

area, the argillaceous rock and its weathered materials are

landslide-prone because of their low shear strength, particu-

larly when wetted (Qi et al. 2009). Previous investigations

found that more than 92 % of the landslides in the area were

composed of a variety of the argillaceous rocks, mainly their

weathered materials (MGMR 1988). Of the landslides in the
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area, more 50 % of them were related to three kinds of

argillaceous rocks and their weathered materials, namely

the mudstone of the middle Jurassic, and the mudstone and

marl of the middle Tertiary (Li et al. 2008) (Fig. 1).

Since impoundment of the Three Gorges reservoir a much

larger portion of the Yangtze River’s bank slope has been

submerged than before. Soaking may thus have a significant

influence on the shear strength of the argillaceous rocks and

their weathered materials in the reservoir area, resulting in or

being a major factor leading to more slope failures. It has

been widely recognized that landslides induced by reservoir

innudation are largely related to shear strength reduction of

the materials of its bank slopes (e.g., Stark and Duncan 1991;

Singh et al. 2012). To explore the effect of soaking on shear

strength of the weathered argillaceous rocks in the Three

Gorges area and thus the effects on slope stability there, an

experimental study was carried out using samples collected

from three kinds of weathered argillaceous rocks, specifi-

cally the weathered material of the mudstone of the middle

Jurassic, and the mudstone and marl of the middle Tertiary.

These are the materials that are the most susceptible to

landsliding in the reservoir area (MGMR 1988; Li et al.

2008).

Samples and Testing Method

Samples

In this study, samples of the weathered materials of the

mudstone of the middle Jurassic, and those of the mudstone

and marls of the middle Tertiary were collected from the

reservoir bank at Zigui and Badong counties of Hubei

province, respectively. These samples are numbered as

samples I, II and III, respectively. At the sampling sites,

the mudstone of the middle Jurassic, and the mudstone and

marls of the middle Tertiary are highly weathered. The

former two form very loose, wet and soft purplish red clayey

soils, whilst the third forms very loose, wet and soft brown-

ish yellow clayey soils. Physical properties of the samples

are shown in Table 1, which were determined following

CNS GB/T50123-1999 standards (SAC et al. 1999). Sample

II had the least clay (24 %) and silt (28 %) with the most

gravel (20 %) and sand (28 %), whilst sample III had the

most clay (60 %) and silt (35 %) with no gravel, and the

abundance of each size fraction in sample I was in between

(Table 1). Bulk and clay mineralogy of the samples

measured using an X-ray diffractometer are given in Table 2.

Quartz and clay minerals were predominant in all three

samples, followed by calcite and feldspar (Table 2). In

terms of clay mineralogy, samples I and III had primarily

interlayered illite/smectite with some illite, interlayered kao-

linite/chlorite and minor kaolinite and chlorite, whereas

sample II had the most illite, with some interlayered illite/

smectite and chlorite and minor kaolinite. Analysis of water

samples from the Yangtze River near the sampling sites

showed that the water was slightly alkaline with a very low

salinity (Table 3).

Testing Method and Sample Preparation

The shear strengths of the samples were determined using

direct shear testing. Since there is an increase in pore water

pressure inside the bank slopes following reservoir

impoundment, a direct shear test was conducted under

consolidated and undrained conditions. ShearTrac II, a

fully automated direct shear test apparatus (by Geocomp

Corporation) was employed. The apparatus is capable of

applying a horizontal displacement to the specimen of up

to 15 mm and has two shear boxes. One is circular with a

diameter of 10 cm and height of 2.5 cm, and the other is

square with a side length of 15 cm and height of 7 cm, the

latter which was customized for the soils with significant

amount of particles coarser than 2 mm but finer than 7 mm.

Based on the size of particles and their abundance in the

three samples, samples I and III were sheared using the

circular shear box, and sample II was sheared using the

square shear box.

To investigate the effect of soaking on the shear strength

of the samples, six groups of specimens were prepared for

each sample, each of which included four specimens. The

samples were first air-dried and powdered with a rubber

hammer, followed by thoroughly mixing and wetting with

deionized water. The wetted soil was then kept in airtight

containers for at least 24 h before being remolded.
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to landslides in the Three Gorges area (after Li et al. 2008) (I: mudstone
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Subsequently the remolded samples were produced by press-

ing the wet soil to a prescribed unit weight using a

customized pressure molder. The prescribed unit weight of

each sample was calculated based on its unit dry weight and

water content. For each sample, the specimens were trimmed

from their remolded samples to fit the size of the desired

shear boxes using sample cutters. The specimens confined

by the cutters and fixed with a customized saturator were

saturated using a vacuum saturation method following CNS

GB/T50123-1999 (SAC et al. 1999). The saturated

specimens of each group of the samples were then

submerged in containers for 1, 5, 10, 20, 35 and 60 days

respectively. Four specimens of each group were fully

consolidated under normal stress of 100, 200, 300 and

400 KPa respectively before being sheared. A fast shear

rate of 14 mm/min was set to simulate the undrained condi-

tion. Peak shear strength of the samples was determined for

analysis.

Results

Variation of Shear Strength of the Weathered
Argillaceous Rocks with Soaking Time

Test results showed that the shear strength of the three

samples under each normal stress decreased markedly with

soaking time (Fig. 2). It should be mentioned that the data

for sample II is not shown due to this paper’s limited space.

This indicates that soaking resulted in shear strength reduc-

tion of the weathered argillaceous rocks. Notably, for the

three samples, their shear strength reduction under each

normal stress occurred largely when soaking time was less

than 35 days, and mostly in a period shorter than 20 days,

whereas there was very little further reduction after soaking

Table 1 Basic physical properties of the weathered argillaceous rock samples

Sample Dry unit weight (KN/cm3)

Particle size fraction (mm, %)

Clay (>0.005) Silt (0.005–0.075) Sand (0.075–2) Gravel (>2)

I 18.6 33 35 28 4

II 19.6 24 28 28 20

III 12.4 60 35 5 /

Note: LL liquid limit, PL plastic limit

Table 2 Mineralogical compositions of the weathered argillaceous rock samples

Sample

Whole rock (%) Clay portion (%)

Quartz Feldspar Calcite Hematite Clay in total I/S I K C K/C

I 38 5 24 / 33 60 18 3 4 15

II 37 2 8 9 44 15 68 3 14 /

III 18 1 29 / 52 58 30 1 1 10

Note: I/S Interlayered illite/smectite, I Illite, K Kaolinite, C Chlorite, K/C Interlayered kaolinite/chlorite

Table 3 Chemical compositions of the Yangtze River water near the sampling sites (ion concentration in mmol/L)

Site F� Cl� NO3
� SO4

2� HCO3
� K+ Na+ Ca2+ Mg2+ pH

Near Zigui 0.01 0.59 0.09 0.45 3.04 0.03 1.00 1.21 0.60 8.11

Near Badong 0.01 0.55 0.09 0.45 2.81 0.03 0.90 1.16 0.56 8.19

Fig. 2 Shear strength envelope of samples I and III after soaking for

different times
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another 25 days, i.e., soaking 60 days in total (Fig. 3). This

implies that shear strength reduction of the three weathered

argillaceous rocks may be significant after reservoir

impoundment for less than 60 days.

Variation of Strength Parameters of the
Weathered Argillaceous Rocks with Time

For the three samples, their shear strength parameters of

cohesion (C) and internal friction angle (ϕ), the stress

parameters measured in this study, also display a pro-

nounced reduction with soaking time (Fig. 4a, b). Again,

significant reduction in these stress parameters also occurred

when the soaking time was less than 35 days, and for most in

a period shorter than 20 days (Fig. 4a, b). Among the three

samples, for the same soaking time, the cohesion of sample

III showed the greatest reduction and the internal friction

angle was reduced the least, whereas the cohesion of sample

II decreased the least and the internal friction angle was

reduced the most, Those values of sample I were in between

(Fig. 4a, b).

Discussion

Obviously reduction in shear strength of the three weathered

argillaceous rocks after soaking should be attributed to either

physical or chemical interactions between the weathered

rocks and water, or both.

Particle size analysis of part of the soaked specimens

revealed that the longer the soaking time, the more particles

finer than silt and the fewer coarser particles they had

(Fig. 5). This was more striking after the weathered argilla-

ceous rocks were soaked for a shorter period rather than for a

longer one, as the data after soaking for 10 days and 35 days

versus that for 60 days shows in Fig. 5. Such phenomenon

suggests that slaking or disaggregation of particles coarser

than silts occurred when the weathered rocks were soaked,

which could be referred to as a kind of physical interaction

Fig. 3 Variation of shear strength of the three samples with soaking

time

a

b

Fig. 4 Variation of strength parameters of the three samples with

soaking time
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between the weathered argillaceous rocks and water. Slaking

of coarse particles then contributed to shear strength reduc-

tion of the weathered rocks after soaking. It is believed that

particles coarser than silt in these weathered argillaceous

rocks may be mainly rock fragments which have not fully

decomposed yet. The rock fragments may be those mainly

cemented by clay, thus being readily slaked after soaking for

a short period. The internal friction angle of soil-like

materials is known to be essentially governed by the size

of their particles (Terzaghi et al. 1996), and the reduction in

friction angles of the three weathered argillaceous rocks

after soaking may thus be mostly associated with slaking

of coarse particles. It is noted that, after soaking, the change

of particle size distribution of sample II was the greatest, that

of sample III was the least, and that of sample I was in

between. This could explain why the reduction in internal

friction angle of sample II was the greatest, followed by

sample I and then sample III, after soaking for same period.

On the other hand, hydration of clay minerals, most likely

interlayered illite/smectite and illite, may occur too during

soaking of weathered rocks because these clay minerals

swell when they encounter water. This may contribute to

reduction in cohesion of the weathered argillaceous rocks.

Such an effect may be more prevalent within the weathered

rock with more clay, hence leading to a greater reduction in

its cohesion. This may be the reason why cohesion of sample

III was reduced the most, and that of sample II the least, as

these samples had the most and least clay respectively

among the three weathered argillaceous rocks. It is inferred

that hydration of clay minerals within the weathered rocks

may be complete soon after soaking. This may be why

reduction in cohesion of the weathered argillaceous rocks

occurred largely after soaking for less than 35 days.

Moreover, chemical analysis of water from the soaked

weathered argillaceous rocks showed that there were various
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ions with low concentrations, including cations of Na+, Ca2+

and Mg2+ and anions of HCO3
�, Cl� and SO4

2� (Fig. 6a–c).

The concentration of these ions in the water seems to

increase with soaking time. Since deionized water was

used for soaking the weathered rocks, occurrence of these

ions in the soak water indicates that chemical interactions

also occurred during soaking. Consistently for the three

weathered argillaceous rocks Ca2+ and HCO3
� were the

most abundant among the cations and anions respectively

in the soak water, followed by Mg2+, Na+ and Cl�, SO4
2�

respectively. From the constituent minerals of the weathered

argillaceous rocks (Table 2), it is deduced that two kinds of

chemical interactions between the weathered rocks and

water may occur: dissolution of some calcites (Ca2+ and

HCO3
�); hydrolysis of some feldspars (cations of Ca2+,

Mg2+ and Na+), including albite and anorthite. Although

calcite is generally recognized to be insoluble, it is known

that dissolution of calcite may occur in an open system with

circulation of chemical nutrients, such as carbon, oxygen

and nitrogen. The inundated weathered argillaceous rocks

in the Three Gorges area were indeed in such an open

system. Such system could also accelerate hydrolysis of

feldspar, which usually occurs very slowly. Dissolution of

calcite and hydrolysis of feldspar may contribute to the

slaking of rock fragments within the weathered rocks during

soaking. The trend of variation in the ions’ concentration in

the soak water suggests that dissolution of calcites and

hydrolysis of feldspar in the soaked weathered rocks may

continue. Nevertheless their contribution to the slaking of

rock fragments, and in turn to reduction in shear strength of

the weathered argillaceous rocks may be very minor because

of the very low concentration of the ions.

As a result of a combination of those effects discussed

above, significant reduction in shear strength of the weath-

ered argillaceous rocks and their parameters occurred after

soaking. Variation of their shear strength implies that

failures of the slopes composed of the weathered argilla-

ceous rocks occurred after the Three Gorges reservoir

impoundment for a short period, probably shorter than

2 months, and may be mainly related to reduction in shear

strength of the weathered argillaceous rocks.

Conclusions

These experiments clarified that soaking significantly

reduces shear strength of weathered argillaceous rocks

in the Three Gorges reservoir area. This supports the view

that reservoir inundation lowered slope stability there,

and induced slope failures. The following specific

conclusions can be drawn from this study:

1. Shear strength of the three types of weathered argilla-

ceous rocks and their strength parameters were significant

reduced after soaking for 35 days, with very minor further

reduction after longer soaking

2. After soaking, weathered argillaceous rock with more

particles coarser than silt experienced greater reduction

in its friction angle, whereas that containing more clay

displayed greater reduction in its cohesion.

3. Reduction in shear strength of weathered argillaceous

rocks and their strength parameters due to soaking may

be associated with four kinds of effects: slaking of rock

fragments coarser than silt, clay-mineral hydration s,

calcite dissolution and feldspar hydrolysis.

4. Shear-strength variation of weathered argillaceous rocks

after soaking implies that failures of slopes composed of

such materials occurred after the Three Gorges reservoir

was inundated for a short period, probably less than

2 months, and may be mainly led by this shear-strength.
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Creep Behavior of the Slip Zone of a Giant
Slow-Moving Landslide in Northwest China:
The Suoertou Landslide as an Example

Xiu-zi Jiang and Bao-ping Wen

Abstract

The Suoertou landslide, a giant landslide with a volume of 72.85 � 106 m3 in Zhouqu

County, Gansu province of China, has been reactivated with a rate ranging from 300 to

600 mm/year since 1990s. The slow-moving dynamic nature indicates that the creep nature

of its slip zone may play one of the predominant roles in the reactivation of the landslide.

To clarify this, creep behavior of the saturated soil collected from the landslide’s slip zone

was investigated via a series of direct shear creep tests. It was found that the creep behavior

of the landslide’s slip soil was strongly dependent on the stress-level for both normal and

shear stresses. It was also found that the accelerated creep stage could not be reached until

the shear stress exceeded 125, 187.5 and 300 kPa and the initial strain rate at 3.141, 3.688

and 4.5 min�1, under the normal stresses of 100, 200 and 400 kPa, respectively. Moreover,

both the critical shear stresses and the initial stain rates at which the accelerated creep stage

begins seem to have a linear correlation with the normal stress.

Keywords

Slip zone � Direct shear creeping test � Creep behavior � Critical shear stress � Initial

strain rate

Introduction

Slow-moving landslides are generally known to undergo

time-dependent deformation, namely creep (Di Maio et al.

2013; Huvaj-Sarihan 2010; Macfarlane 2009; Mansour et al.

2011; Van Asch et al. 2009). The Suoertou landslide, a giant

slow-moving landslide with a volume of 72.85 � 106 m3 in

Zhouqu County, Gansu province of China, has been observed

reactivating slowly since 1990s. The slide has caused severe

damage to a road and local communities, and is moving at a

rate ranging from 300 to 600 mm/year (Gansu Geological

Disaster Survey and Design Institute 2012). Since a

landslide’s behavior is largely controlled by mechanical

characters of its slip zone, it is of great significance to study

the creep behavior of the slip zone to understand the mecha-

nism of the sliding and to forecast the landslide’s moving

dynamic. The creep behavior of landslides is normally studied

via two approaches: displacement monitoring in field

(Corominas et al. 2005; Macfarlane 2009; Mansour et al.

2011; Van Asch et al. 2009) and laboratory testing of creep

behavior of landslides’ slip zones (Bhat et al. 2011; Di Maio

et al. 2013; Huvaj-Sarihan 2010). Due to absence of system-

atic monitoring data, the creep behavior of the Suoertou

landslide’s slip zone was investigated experimentally.

The Suoertou Landslide and Its Slip Zone

The Suoertou landslide was located on the north bank of the

Bailongjiang river, about 1 km upstream of Zhouqu County,

Gansu province of China (Fig. 1). The landslide fully devel-

oped within a regional active fault zone, namely the
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Pingding-Huama fault zone. The landslide is 3,300 m long

with a width of 80–700 m. The elevations at front and back

of the landslide are 1,300 and 1,970 m, respectively, with a

height difference of 670 m. Boreholes revealed that the

maximum and minimum of thickness of the landslide body

is 100 and 20 m, with an average thickness of 60 m. Its

sliding body consists of grey clayey soil with abundant

carbonate rock fragments in the upper part and dark grey

clayey soil with carbonaceous slate rock fragments in the

lower part. The latter was wet, soft and sludged. The bed of

the landslide is carbonaceous slate cataclasite. The slip zone

of the landslide is a dark clayey seam, with a thickness of

1.3–4.3 m (Fig. 2), developed along the interface between

carbonaceous slate cataclasites and clayey soil. The slip soil

was very wet and highly soft. Groundwater level in the slide

was observed to be 5–26.5 m under the ground surface.

The test soil sample in the study was collected from

borehole ZK3, in the middle portion of the landslide

(Figs. 1 and 2). The sampling depth was 60–64 m. Basic

physical properties of the sample were presented in Table 1.

Grain size distribution and Atterberg limits of the sample

were obtained in compliance with CNS GB/T50123-1999

(SAC 1999). Results showed that there was 10 % clay

fraction with 52 % silt, 8 % sand and 30 % gravel. The liquid

limit and plasticity indices were 35 and 19, respectively.

X-ray diffraction analysis showed that the sample had pri-

marily quartz, pyrophyllite and clay minerals, which primar-

ily consisted of illite, kaolinite and pyrophyllite with some

interlayered illite/smectite and cholorite (Table 2).

Testing Program

Consolidated and drained direct shear creep test was adopted

to investigate the creep behavior of the sample. A triple set

direct shear creep test apparatus was employed in this study.

Fig. 1 View of the Suoertou landslide

Fig. 2 Slip zone of Suoertou landslide from borehole ZK3

Table 2 Mineralogical compositions of the sample

Quartz

Whole soil (%) Clay portion (%)

Potassium

feldspar Siderite Dolomite Plaster Pyrophyllite

Clay in

total I/S Py I K C

7.5 0.7 2.5 1 0.3 41.3 46.7 7 33 25 29 6

Note: I/S Interlayered illite/smectite, I illite, K kaolinite, C Chlorite, Py pyrophyllite

Table 1 Physical properties of the sample

Particle density (g/cm3)

Particle size fraction (mm, %)

Liquid limit (%) Plasticity indexClay (<0.005) Silt (0.005–0.075) Sand (0.075–2) Gravel (>2)

2.73 10 52 8 30 35 19
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Normal and shear stresses were loaded through weights. The

creep test was carried out following MT/T 895–1998 (State

Bureau of Coal Industry 1998). Shear stresses were applied

in increment. Each level of increment was estimated to be a

fraction of the peak shear stress, which was obtained through

a series of direct shear test under normal stresses of 100, 200,

300 and 400 kPa. The number of fractions was 6–8 in

this study. The next level of increment was applied when

the deformation of the specimen was observed less than

0.01 mm in 24 h. In this study, each shear stress increment

was maintained for at least 1 week.

Since the slip zone was basically below the groundwater

table and had primary particles finer than 2 mm, remoulded

specimens with particles <2 mm were used with a water

content about its liquid limit.

Results

Strain-Time Behavior

Figure 3 shows the strain versus time (γ–logt) behavior

under different levels of normal stresses. It could be seen

that the instantaneous deformation (t ¼ 0) occurred once a

shear load was applied, and these deformations became

greater with the increment of shear stress. When the shear

stress was less than 50, 75 and 125 kPa under the normal

stresses of 100, 200 and 400 kPa, respectively, only

attenuating creep was observed, during which shear strain

became constant and the strain rate became nearly zero.

When the shear stress was greater than the value mentioned

above, steady-state flow was observed, during which the

creep rate reached a constant value. When the shear stresses

reached 125, 187.5, and 300 kPa respectively, the specimens

underwent transient attenuating creep, steady creep and then

went into accelerating creep until the specimens failed.

These shear stresses 125, 187.5 and 300 kPa could be defined

as critical stresses corresponding to the normal stresses of

100, 200, and 400 kPa.

The creep behavior of the landslide’s slip zone illustrated
above indicates that it is strongly dependent on the stress

level. Interestingly, the values of shear stress leading to

failure of specimens in creeping shear seem to have an

approximately linear correlation with the normal stress

(Fig. 4). Such correlation could be used to estimate the

creep state of the Suoertou landslide given the sliding mass

thickness, density of its materials and the occurrence of its

slip zone is known. For example, at the sampling site (ZK3),

dip of the slip zone was about 10�, given the slide materials’
bulk gravity is 18 kN/m3, the normal stress and shear stress

are about 1,134 and 200 kPa, respectively. According to the

relationship shown in Fig. 4, shear stress calculated was less

than the critical stress (726 kPa) leading to failure of the slip
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zone. Therefore, the landslide at ZK3 has not reach the

accelerated creep state yet, but it is already under a steady

creep state.

Strain Rate-Time Behavior

Figure 5 shows the creep rate (shear strain rate) versus time

(log-log scale) under different levels of normal stress. The

results show that the initial shear stain rate increased with the

shear stress. When the initial strain rate was less than 0.653,

1.023 and 1.529 min�1 at normal stresses of 100, 200 and

400 kPa, respectively, the specimens were under attenuating

creep and the relationship between strain rate and time could

be described using Eq. (1) (A < 0). When the initial strain

rate was higher than the rate mentioned above, creep of the

specimens occurred in steady-state flow, the relationship

between strain rate and time is found from Eq. (2). When

the initial strain rate reached 3.141, 3.688 and 4.5 min�1, the

specimens illustrated accelerated creep, and the curves had a

point of inflection (minimum strain rate) when the strain rate

changed from a decreasing to an increasing trend, and the

relation between the strain rate and time could be described

by Eq. (1) (A > 0). Clearly greater initial strain rates were

needed for the sample to experience creep from attenuating

state to steady state and to accelerated state. Notably the

initial shear strain rates leading to accelerated creep also had

an approximately linear corelation with the normal stress

similar to those of shear stresses (Fig. 6). On the other hand,

the minimum strain rate (e.g. 2.67e–3 min�1 at 240 min in

Fig. 5a, 0.52e–3 min�1 at 480 min in Fig. 5b, 6.58e–3 min�1

at 240 min in Fig. 5c) and the time to failure were almost

linearly related as well (Fig. 7). If the displacement of the

landslide is monitored, the slide’s creep state could also

be estimated based on the correlation shown in Fig. 6. Unfor-

tunately, for the landslide no systematic monitoring data has

been recorded at present. However, in any case, such corre-

lation revealed another criteria that could be used to estimate

the creep state of the landslide.
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in which, A,B,C,D,E are undetermined coefficients; _ε the

strain rate and t the time.

Conclusion

This experimental study revealed that the creep behavior

of the Suoertou landslide’s slip zone varies with both the

stress level and the initial shear stain rate. Specifically,

the following could be concluded:

1. Creep behavior of the Suoertou landslide’s slip zone was

strongly dependent on the stress level, including both

the normal and shear stresses. When the shear stress less

than 50, 75 and 125 kPa under normal stress of 100, 200

and 400 kPa, respectively, the slip zone underwent an

attenuating creep. Otherwise, it reached steady-state

creep. The slip zone did not reach accelerating creep

until the shear stress were 125, 187.5, and 300 kPa

under normal stresses of 100, 200, and 400 kPa,

respectively. Such critical shear stresses had an approxi-

mately linear relationship with the normal stress. Based

on this relationship, the Suoertou landslide has not

reached accelerated creep yet.

2. Initial strain rate also had a significant control on the slip

zone’s creep behavior. When the initial strain rate was

less than 0.653, 1.023 and 1.529 min�1 under normal

stresses of 100, 200, and 400 kPa respectively, the slip

zone was in attenuating creep; otherwise the slip zone

reached steady-state creep. When the initial strain rate

reached 3.141, 3.688, and 4.5 min�1, respectively, the

slip zone went into accelerating creep. The initial shear

strain rates leading to accelerated creep also had an

approximately linear correlation with the normal stress.

This could be another criteria to estimate creep state of

the landslide.

3. Creep characteristcs of the slip zone revealed in this study

should be just part of its behavior as only one group of

tests has been completed currently. To get more informa-

tion about the creep behavior of the landslide’s slip zone

more tests are needed, which are in progress.
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Data Collection and Processing for Measurement
of Time-Variable Gravity Erosion in the Laboratory
Study

Xiang-Zhou Xu, Song Zhan, Qiao Yan, and Ming-Dong Zhu

Abstract

Researchers face great difficulties that few measurable data of gravity erosion on the Loess

Plateau are found due to a lack in observation techniques. A problem common to all of the

existing methods is that the data were observed after the failure events, and the gravity

erosion was not separated from other forms of erosion. This study presents a novel

experimental technique and a reliable data processing method that quantitatively measures

the time-variable gravity erosion on the steep loess slope in the laboratory test. A structure

with laser based gauge and the Topography Meter was designed and fabricated to monitor

the dynamic variation of the steep slope topography under rainfall simulation. As the slope

landform deforms over time, the process will be recorded in the video, and then imported

into the computer to acquire a snapshot image at particular time instance. Given depth in

ArcGIS, the 3D geometric shape of the target surface can be computed accurately. All

erosion data in every rainfall event, including the amount of each failure mass, the total

amount of soil loss, the total amount of hydraulic erosion, etc., could be calculated

according to the videos caught by the Topography Meter. It is recommended to make 3D

surface together with R2V and ArcGIS, although ArcGIS is sufficient for 3D surface

modelling, because contour tracing in R2V is implemented on the undistorted original

image, and R2V is also in much smaller size and easy to operate.

Keywords

Gravity erosion � Structure laser � Topography meter � ArcGIS � R2V

Introduction

Gravity erosion, also referred as gravitational erosion or

mass erosion, is the mass failure on steep slope, and is

triggered by self-weight in contrast to the physical move-

ment of wind and water required for other types of soil

erosion. On the Loess Plateau of China, forms of gravity

erosion include landslides, earth flow, creep etc. (Tang

2004). Although gravity erosion generally takes place

together with hydraulic erosion in the rainfall event, the

mechanism and dynamics of them are different. Hence the

measures to control hydraulic erosion and gravity erosion

are different, and it is essential to quantitatively distinguish

the amount of them during a same event of rainfall. Yet

predicting just where and when a mass failure will occur
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continues to be a complex process. No direct observation of

the soil geotechnical parameters at the moment of failure at

any of the specific sites was recorded in the data set from

existing literature (Darby and Thorne 1996).

The volume of individual failure mass was normally

calculated by the slide area and the thickness of the slide

mass (depth to the failure plane). Sattar et al. (2011) deter-

mined the dimensions of an eroded gully by laser scanning,

and then showed a soil volume and a change in the body of

the landslide dam. Papers presented individual

measurements of landslide area and volume for multiple

slope failures in an area were studied (e.g., Whitehouse

1983; Derbyshire et al. 1995; Larsen and Torres-Sanchez

1998; Martin et al. 2002; Haflidason et al. 2005; Guzzetti

et al. 2009; Jaiswal et al. 2011). Nevertheless, a problem

common to all of the above techniques is that the data were

observed after the failure events, and the gravity erosion was

not separated from other forms of erosion. The assessment of

failure mass in the process of gravity erosion is hardly

possible to achieve for several reasons. First, site-specific

observation is almost impossible due to randomness of the

gravity erosion, and nobody knows when and where the

failure will occur. Second, gully erosion usually occurs by

a combination of soil transportation with water and mass

failure under gravity. Thus the amount of gravity erosion is

hard to be distinguished from other forms of soil loss. A third

trouble arises because, in general, the properties of earth

materials and slope conditions vary greatly over short

distances, and the timing, location, and intensity of trigger-

ing events, such as storm precipitation or earthquake shak-

ing, are difficult to forecast (Keefer and Larsen 2007).

Presently 3D shape measurement based on structured

light technique has been developed, which provides a great

opportunity to overcome the above problems. Employing a

digital projector and camera, the structured light 3D surface

imaging technique is able to extract the 3D surface shape

based on the information from the distortion of the projected

structured light pattern (e.g., Wang et al. 2010; Peng 2007;

Zhang 2005). However, no record has still been found in the

existing literature to acquire the 3D object in dynamic

motion using the above techniques (Geng 2011).

In order to represent the real complex geological objects

in mining, oil industries and geological research, it is impor-

tant to develop novel data models and algorithms to use real

measurement data for the re-construction of bodies (Xue

et al. 2004). Creating surfaces and 3D data can harness

information from GIS data that was not readily apparent in

its 2D form. The process involves identifying a series of

ground control points, known x and y coordinates, which

link locations on the raster dataset with locations in the

spatially referenced data (target data). However,

georeferencing in ArcGIS modifies the shape of the original

pixels and makes the background image deformed. Contours

will become unclear and uneasy to be portrayed. In contrast,

for R2V, counterdrawing is implemented on the original

image and georeferenced only after it output in *.shp or *.

dxf style.

This study presents a method of data collection and

processing that could quantitatively measure the time-

variable gravity erosion in the whole process of a rainfall

event. The focus of this research is to develop and verify

such a system and to demonstrate its practical value for the

failure process on the steep slope.

Experimental Setup

The hardware used by the Topography Meter consists of

regular devices: a camera, a laser source, and a position

device. Figure 1 shows a representative scheme for quanti-

tative monitoring of gravity erosion using a structured light

based gauge. A stripe pattern with equidistant horizontal

lines is generated by a laser source, and is recorded by a

camera with sighting direction perpendicular to the light

pattern. Positioning marks are placed on the fixed position

with same height.

As the slope terrain deforms over time, the process video

will be recorded, and then imported into the computer to

acquire a snapshot image at particular time instance. Given

depth in ArcGIS, the 3D geometric shape of the target

surface can be computed accurately. In the Topography

Meter we used a laser source with a monitoring range of

3.0 � 2.0 m and a SONYHDR-XR550E video camera with

a resolution of 6.63 Megapixel. The laboratory calibration

tests on the wooden brae show that the relative errors of the

observed volumes were all within 10 % for the five landform

models with the volume of about 24,000 cm3 and slope

gradients from 35� to 75� (Zhao et al. 2011).

Then we applied the Topography Meter on the real land-

slide experiments. In 2010 and 2012 at the Joint Laboratory

for Soil Erosion of Dalian University of Technology and

Tsinghua University, we have conducted a series of gully

bank collapse experiments under closely controlled

conditions. The landscape simulator consisted of a rainfall

simulator suspended above a flume containing the slope

model, as shown in Fig. 1. Six lines of five sprayer-styled

rainfall simulators were utilized to simulate rainfall in the

experimental plot covering 4.0 � 3.0 m. A short and intense

downpour, with an intensity of 0.8 mm/min and the duration

of 60 min, was applied. The landscape was constructed using

matrix loess collected from the Shunyi District, Beijing. The

50 % diameter of soil particles, D50, was 52.2 μm, and

specific gravity, γs, was 2.56. An experimental model land-

scape, with the steep slope of 60–80� and a gentle slope of

4�, was developed. Soil was prepared by hand patting to

generate a ‘smooth’ roughness to ensure a regular and
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original microrelief. Five rainfall events were applied on the

slope in turn. An equal period, 24 h, was kept after each

rainfall. The Topography Meter was used to monitor the

dynamic variation of the steep slope topography under rain-

fall simulation.

Data Processing

Based on the contour map obtained by the Topography

Meter, we formed a 3D stereogram in ArcGIS software,

and then provided the slope parameters such as volume,

projection area and point coordinates. The calculation

method is as follows: (1) the volume of each individual

failure mass was calculated by comparing the failure block

geometries in the moments before and after the incident; (2)

the total amount of soil loss T in a rainfall event was that the

slope volume at the beginning of the rainfall subtracts that at

the end of the rainfall; and (3) the amount of hydraulic

erosion W in a rainfall event equaled that the total amount

of soil loss T minus the sum of the volume of every individ-

ual failure mass in the rainfall event.

In the following text, a method is introduced to investi-

gate the slope volume. Involved software includes the Chi-

nese versions of QQ Video 2013 v4, Photoshop 6.0, R2V 5.5

and ArcGIS 10.0. The technical rote is shown in Fig. 2.

Getting the Screenshot in QQ Video and
Marking the Landslide Scar in Photoshop

Case no. 1—Dealing with the individual collapse. WE

use the software QQ Video to open the test video, and tap

the keyboard shortcuts Alt + A to get the screenshots

seconds before the failure starts and soon after the inci-

dent finishes. Then we add the virtual boundaries in the

screenshots in Photoshop. The boundaries should enclose

the scar causing the individual collapse. Surely, the

frames in the two images should be in same location

and with same size.

5

4 3

4000

3000

1 2(i)

2(ii)

Water

a b

Fig. 1 A representative scheme for quantitative monitoring of gravity

erosion using a structured light based gauge. 1: Rainfall simulator; 2:
Topography Meter (i: Camera with a collimator; ii: Laser source); 3:

Positioning marks; 4: Model slope; 5: Equidistant horizontal

projections. (a) Schematics of the topography meter measurement

system. (b) Picture of the experimental site
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Case no. 2—Dealing with the total erosion during a rain-

fall. We use the software QQ Video to open the test video,

and get the screenshot before the start of sprinkling. Then

we go to the scene as the rainfall stops, and get the

screenshot too. We open the screenshots in Photoshop,

and add the virtual boundaries in the screenshots including

the scope of all soil erosion during the rainfall.

Digitizing the Topographic Map in R2V

WE load the picture with virtual boundary in R2V, and then

portray the contours, set the contour heights and input the

control points. Finally, we output the above file as format *.

shp or *.dxf. Since measurement accuracy of the failure

volume is influenced by the tracing precision of the contours,

more attentions should be paid to make sure the contour

matches the laser line in the screenshot.

Creating a TIN Surface and Calculating the
Volume in ArcGIS

We openArcScene of the ArcGIS, input the vector file *.shp”
or *.dxf, and form the TIN surface of the slope. Comparing to

the screenshot, we can check the surface and make sure it is

all right, and then calculate the volume of the given surface

with the command Surface Volume. Otherwise, we inspect

and revise the file *.prj in R2V once more.

Calculation Results and Discussion

The Topography Meter has completed observation for more

than 120 events of rainfall simulation of the experiments in

2010 and 2012, and has been proved to be reliable and easy

to use. All erosion data in every rainfall event, including the

amount of each failure mass, the total amount of soil loss, the

FalseTrue

True

Checking the contour data in R2V

Calculating the volume

Checking the dataAccomplishment

Creating, checking and calculating
3D surface in ArcScence

Comparing the 3D model
with the screenshot

Digitizing the contours in R2V Tracing the contours

Inputing the control points

Assigning the contour elevations

Output of *.shp or *.dxf 

Getting video of the eroding slope
with the Topography Meter

To make sure the sighting direction 
perpendicular to the light pattern

Getting screenshot in QQ Video 
and marking the landslide scar in 

False

Fig. 2 Data processing method

of MX-2010-G topography meter
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total amount of hydraulic erosion, etc., have been calculated

according to the videos caught by the Topography Meter.

Table 1 illustrates the calculated amounts of gravity

erosions in Experiment L60-1.5-80d we performed in

2012. The slope height was 1.5 m and gradient was 80� of

the initial landscape in this experiment. Any collapses with

volume more than 100 cm3 were accurately metered. In the

third event, landslides with amount more than 100 cm3

occurred two times, and the total amount of gravity erosion

reached 6,210 cm3, all of which completed in a very short

time. Simultaneously, the amount of hydraulic erosion was

4,640 cm3, which lasted for the whole term of rainfall simu-

lation. Hence gravity erosion was undoubtedly more danger-

ous than hydraulic erosion.

In Fig. 3, we show a typical scenario and the resulting 3D

digital model on the failure surface. High resolution is

achieved by only labeling the grid surface, and results obtained

by the TopographyMeter keep quite constant to the real in-situ

phenomena. Different to any other monitoring devices, the

Topography Meter only settles the landslip areas just before

and after the failure incident. Consequently it could evaluate

the failure mass bulk more quickly and precisely. Then the

volume of “pure” gravity erosion will be also calculated due to
the distinction of hydraulic erosion and gravity erosion.

Making 3D surfaces together with R2V and ArcGIS is

preferable. In this research, contours were traced with the

undistorted original image in advance and then the

coordinates of control points were set in R2V. Thus the

laser projection was clear and easy to be traced. Further-

more, R2V is in much smaller size than ArcGIS and easy to

operate. On the other hand, it is important to improve the

regulation on the intermediate data checking and calibration.

In order to increase work efficiency, popularizing the data

processing method and working on a document by multiple

people is needed, for onerous data processing.

Conclusions

The experiments presented here demonstrate the possibil-

ity of quantitatively measuring time-variable gravity ero-

sion on the steep loess slope. All erosion data in every

rainfall event, including the amount of each failure mass,

the total amount of soil loss, the total amount of hydraulic

erosion, etc., could be calculated according to the videos

caught by the Topography Meter.

It is recommendable to make 3D surface together with

R2V and ArcGIS although ArcGIS is sufficient for 3D

surface modelling, because contour tracing in R2V is

implemented on the undistorted original image, and

R2V is also in much smaller size and easy to operate.
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Study on the Effect of Plant Roots for Stability
of Slopes

Udeni P. Nawagamuwa, S. Sarangan, B. Janagan, and S. Neerajapriya

Abstract

There have been several studies on the properties of plants, which are beneficial to critical

slopes in preventing failures. However, the impacts of the tensile properties of the plant

roots have to be studied in detail. In this study, three different situations were addressed:

completely dry, saturated and unsaturated. Under these three situations, stability of differ-

ent slopes with different soil conditions was studied. Some roots were tested through the

tensile testing machine normally used for yarn testing and some were tested with the

traditional tensometer. Variation of root diameter was established by measuring the roots

of tea plants available at cut slopes. Literature was found on the variation of tensile strength

of tea roots with its diameter. Slopes of the tea estates were modeled considering the

number of tea plants available in a particular slope. This was later converted to a percentage

cover and values of factor of safety (FOS) were compared by changing different soil

properties with the percentage of cover. It was found that the FOS tends to increase with

the percentage cover under completely dry, saturated and unsaturated situations. However,

it was learnt that the impact of tensile capacity of roots had not been so high under dry and

saturated cases for cohesionless soils compared to the same situation under unsaturated

condition which had high FOS values due to the plant properties.

Keywords

Slope stability � Tensile strength of plant roots � Percentage cover

Introduction

Slope instability has been a major problem faced by the

geotechnical engineers. This causes heavy damages and

losses, such as loss of lives and property and which will

have a significant impact on the country’s economy. It is

therefore, necessary to stabilize the slopes in an effective

and economical way. There are lots of solutions, such as

retaining structures and other different mechancial ways of

improving. They effectively provide immediate stabilization

and erosion control on the slopes. However, the adverse

effects on the environment and their costs are major

drawbacks. There are many internal causes for slope failures

such as gravity, weak material and structures, triggering

events and water table. Removal of vegetation is a common

external factor which will lead to landslide vulnerability in

slopes. Loss of vegetative cover often initiates soil degrada-

tion causing the site to become less productive. Conven-

tional erosion control and re vegetation efforts subsequent

to construction are often ineffective and fail to adequately

protect bare soil from incidental surface erosion and adjacent

slope impacts (Menashe 2001). Therefore, it is necessary

to have an alternative which is more cost effective and

aesthetically pleasing than traditional methods. The rein-

forcement of soil by vegetation is a preferred solution for

the stabilization of both natural and man-made slopes.
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A Bio-Structural approach (by vegetation) to stabilize

slopes can be treated as less expensive, more effective,

environmental friendly, more adaptable over the long term

than purely structural solutions. The vegetation influences

the slope stability in following ways:

• By mechanically reinforcing the slopes through plant

roots;

• By increasing soil suction or reducing the pore water

pressure, hence, increasing the soil shear strength through

the removal of water by evaporation through vegetation;

• By the surcharge from the weight of trees; and

• By “wind throwing” or “root wedging”.
Role of vegetation, as presented by Greenwood et al.

(2004), is depicted in Fig. 1.

Scope of the Study

The main objective of this research is to study the positive

effects of tree roots in reducing landslide vulnerability by

conducting laboratory experiments and analysis. Sample

collections, carrying out of tensile tests on root samples,

developing equations incorporating tensile strength of

roots, obtaining FOS for different soil conditions and slope

characteristics and analysis of the results are considered as

the basic steps of executing this study.

Three scenarios were considered in the analysis:

1. Dry soil condition,

2. Saturated soil condition, and

3. Unsaturated soil condition.

However, only the unsaturated condition is discussed in

this paper because the impact of having roots in the sytem in

the other two scenarios is not significant.

Unsaturated Condition and Matric Suction

When the soil is considered as a porous material above the

ground water table with some voids filled with air. The soil is

in an unsaturated state and three phase system exists with

solids, water, and air. Consequently, both pore water pres-

sure (uw) and pore air pressure (ua) should be considered in

the analysis. The pore air pressure is usually equal to the

atmospheric pressure. The pore water pressure above ground

water table is less than atmospheric pressure and the varia-

tion is presented in a simplified form by Sujeevan and

Kulathilaka (2010). Providing a limit to the practically pos-

sible maximum matric suction, a more realistic distribution

is presented by the broken lines in Fig. 2. Two stress

variables σ-ua termed net normal stress and ua-uw termed

matric suction have been considered.

Further variations of the pore water pressure with depth is

presented by Sujeevan and Kulathilaka (2010) as shown in

Fig. 3. The different curves in Fig. 3 refer to prolonged

rainfall as given in the legend. The shear strength of the

unsaturated soils is enhanced by the presence of matric

suction. With the infiltration of rainwater, the matric suction

will be depleted upto some depth. As the rain event

progresses, the depth of depletion increases.

Tensile Capacity of Tea Roots

Tensile force was tested for different root diameters and the

results showed that the tensile force of the tea plant increased

significantly with increasing root diameter. The vertical

roots penetrate the slip surface to work against failure. This

situation assumes that the tensile strength of roots becomes

fully mobilized for the roots that are deeply embedded into

the soil. The following equation represents the relationship

between tensile force and root diameter of tea plant (Lateh

et al. 2011).

Fig. 1 Role of vegetation in slope stability (Greenwood et al. 2004)

Level of the water

(+ve) Pore water  
Pressure 

Height(-ve) Pore water
Pressure 

Unsaturated Soil 

Saturated Soil 

Fig. 2 Variation of matric suction (Sujeevan and Kulathilaka 2010)
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TFr ¼ 0:023d2 þ 0:051dþ 0:069 ð1Þ

TFr had been defined as the root tensile force of a tea

plant and d is the diameter of the root (Lateh et al. 2011).

This result is shown in Fig. 4. The results obtained for the

considered plants have been checked and proved to be in

agreement with many other authors (Bischetti et al. 2005;

Genet et al. 2005) confirming the validity of the general

power law equation for the relationship between root tensile

strength and root diameter.

The following equations were developed using Bishop’s
method after incorporating tensile strength of roots. It should

be noted that the effective internal friction angle φ0 is unaf-
fected by root reinforcement (as confirmed by Genet et al.

2006).

For the case, without tree roots

Pore Water Pressure Variation along Depth
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Fig. 3 Pore water pressure variation along depth (Sujeevan and

Kulathilaka 2010)
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Fig. 4 Tensile capacity vs root diameter (Lateh et al. 2011)

F ¼
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Mi θð Þ þ Tr sin θi þ wi � umΔxif g tanφ0

Mi θð Þ � um tanφbΔxi tan θi
� � 1

cos θi
� 1

Mi θð Þ
� �

X
wi sin θi

ð2Þ
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X
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Fig. 5 Root length vs. diameter relationship for Sri Lankan tea plants
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To develop equations (2) and (3), following relationship

was used, considering the shear strength properties of unsat-

urated soils.

τ ¼ 1

F

�
c0 þ σn � uað Þ tanφ0 þ ua � uwð Þ tanφb ð4Þ

Following key notations are used in this study:

F—Factor of Safety

c0—Cohesion

wi—Weight of the ith soil slice

β—Slope angle

ui—Pore water pressure on the ith slice

φ0—Friction angle

Tr—Tensile capacity root

Δxi—Horizontal width of slice

ϕb—Angle indicating the rate of increase in shear

strength relative to the matric suction

(ua�uw)—matric suction

Shear strength parameters could be measured using

drained triaxial shear tests. However, this research study

assumed several possible variations in strength parameters

and numerically evaluated different factor of safety values.

Fig. 6 Roots were visible near

cut slopes in the estate sector

Fig. 7 Obtained graphs for above specified soil and slope

characteristics

Fig. 8 Obtained graphs for a specified soil and slope characteristics

(details are given in the figure itself)
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Values of Matric Suction

The above equations contain the term matric suction. This

means that for evaluating the factor of safety, matric suction

should be readily available at the failure surface. The matric

suction pressures can be achieved by directly measuring the

pore water and air pressures of a specimen. However, in this

research, values for matric suction were obtained from the

study carried out by Sujeevan and Kulathilaka (2010).

The tensile strength of the tree roots against their root

diameter was obtained from Lateh et al. (2011). Required

samples were collected from tea estates and subsequently,

the root length vs root diameter relationship was developed.

For the calculations, expected root length was estimated and

with that possible root diameter, the corresponding tensile

capacity were obtained. Those results are shown in Fig. 5.

Data was collected to obtain a relationship between root

diameter and root length from Sri Lankan tea estates where

roots are visible at near cut slopes in the estate sector. Few

such examples are shown in Fig. 6a, b.

Percentage Cover

Percentage cover is defined in this research as the fraction

between the available number of trees in a slope and the

maximum number of trees that can occupy the slope. For

example, if a 100 kN (representing all the roots) tensile

capacity is considered for a slice that means this 100 kN is

the maximum tensile capacity that can be mobilised with the

fully covered vegetation. Then, for the 50 % coverage,

50 kN (representing all the roots) tensile capacity is used

for calculations.

Discussion of Results

Different values for factor of safety were numerically

evaluated by varying the shear strength paramters. Figures 7

and 8 show some selected results for different conditions.

These results clealry indicate that there is a high influence of

plant roots (due to coverage) towards the factor of safety.

The tea plants in Sri Lankan estate sector were chosen for the

study because most of the critical slopes in the central

province (land slide prone area) are occupied by tea plants.

This can be clearly observed in the Fig. 9a, b, which contain

a Tea Plantation map of Sri Lanka and a Hazard Zonation

map of Sri Lanka, respectively.

It was further learnt that due to proper managment of

surface water and practice of tea plants in the tea estate

sector, the vulnerability to landslides is noticeably low.

Through the literature review, a relationship between the

root tensile capacities of tree roots with its diameter was

obtained. Developed equation required the tensile capacity

of the roots in the failure plane. Therefore, tea root samples

were collected and the root lengths were measured with its

diameter where the roots are exposed in the visible slopes.

Fig. 9 (a) Tea plantation map of

Sri Lanka and (b) Landslide

hazard zonation map of Sri Lanka

(courtesy of NBRO, Sri Lanka)
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However, it should be noted that the root tensile capacity

graph obtained from the literature review is not from Sri

Lanka and it was assumed that the tensile capacity of the tree

roots would not change significantly.

It was considered that the tensile forces will not contrib-

ute to equilibrium of the soil wedge when it is in equilibrium.

The tensile force will be mobilized when the soil wedge

exceeds limit equilibrium condition.

Conclusions

Following conclusions could be made with the findings of

this study:

• Factor of safety (FOS) plots clearly show that the FOS

linearly increases with the percentage coverage of tree

roots.

• Steeper slopes without cohesion, cannot be considered as

suitable even with the full vegetation coverage.

• Matric suction enhances the FOS values of the slopes, but

as the rainfall increases, matric suction depletes and this

will cause a reduction in FOS and slope instability.

• The results were obtained by considering only the effects

of tree roots and surcharge from the plants but transpira-

tion and wind effects are not considered.

• The surcharge from the tree roots increases the slope

instability but the plants in the toes of the slopes contrib-

ute to the stability of slopes.
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The Dynamic Process and Sensitivity Analysis
for Debris Flow

Guoqiang Yu, Maosheng Zhang, and Hong Chen

Abstract

The dynamic process and sensitivity in the debris transportation process are important

topics in the study of rapid landslides and debris flows. The motion process of debris flow is

recognised as a dynamic interaction between the original moving material and the entrained

basal topsoil shearing along their non-slip contact surface. In this paper, we employed

numerical modelling to clarify the erosional effects, and use statistical method to compare

the influence degree of rheological parameters on the runout behavior. The simulated

results show that unconfined flows typically exhibit a wide range of entrainment and

deposition volume, whereas confined flows yield moderate volumes of entrainment and

small volumes of deposition. The basal topography is an important factor in influencing the

debris transportation and deposition processes. The velocity, runout distance, and deposi-

tion area and volume are more sensitive to underlying surface conditions, particles of

debris, pore water pressure; and can affect the debris intensity, disaster area and scale to a

large extent. Conversely, the velocity, runout distance, and deposition area and volume, are

less sensitive to the source volume of debris flows, and can only affect the velocity to a little

extent. The proposed suggestions can be utilized conveniently in general geotechnical

engineering practices.

Keywords

Debris flow � Rheological modelling � Dynamic process � Sensitivity

Introduction

Debris flows are rapid, gravity-induced mass movements of

granular solids, water, and air (Varnes 1978). They usually

occur in regions with steep relief and at least occasional

rainfall (Jakob 2005; Schuster et al. 2002; Takahashi 1981).

Because of their high mobility, velocity, and density, debris

flows can be very destructive and damaging when they

encounter infrastructures such as buildings, roads, bridges,

pipelines, and hydropower facilities, and they may lead to

loss of human life (Chen and Lee 2000, 2003). Debris flows

are widespread and common in many steeply sloping areas. In

mountain areas, intense and localised storms may cause flash

floods with significant sediment transport. In steep torrents,

the sediment discharge may increase so that the solid volu-

metric concentration often exceeds 40–50 %. Such events are
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called debris flows and transport huge volumes of sediments

that are then deposited on alluvial fans, which are often

densely populated. In recent years, debris flows have been

recognized as one of the major natural risks.

The mechanism of mass changes in a debris transporta-

tion process is an interesting but sometimes controversial

topic. Based on the equation of motion, Cannon and Savage

(1988) developed a lumped-mass model to consider the

entrainment or subtracting material lost during debris move-

ment, in which the existence of action–reaction pairs of

forces propelling the slide mass along the runout surface

was implied. Similarly, van Gassen and Cruden (1989)

explained the momentum transfer of debris deposition, and

calculated runout distances of rockslides. However, Hungr

(1990a, b) pointed out that there were no such forces to

propel the slide mass along the runout path; the velocity of

mass expelled from the flow must be equal to zero. Erlichson

(1991) also indicated that the depositing material slowed by

interaction with the bed rather than with the material that

continues to move. The cited author further concluded that

the equation of motion is unsuitable to apply directly to the

debris flow system.

Basal erosion and surficial material entrainment are fre-

quently observed in the field on debris flows during runouts.

It embodies the process by which the underlying material is

incorporated into the original moving material, resulting in a

material volume enlargement of the moving system. Gully

erosion and soil slip through the removal of topsoil carve out

a low-relief erosional topography. Material can also be lost

from the flow by deposition in the form of detached tails or

lateral levees during runout. Therefore, mass changes in

debris runout affect the behaviour of the flow system and

the areal extents of debris. However, few researchers have

focused on the impacts of rheological parameters of debris

flow on the mass changes, erosion and entrainment of mass,

and dynamic process of debris flow.

The aims of the present study were: (1) to analyze the

mobility of debris flow using the quasi-three-dimensional

finite-element method in the Lagrangian frame of reference;

(2) to evaluate the influence degree of the basal friction and

the turbulent coefficient of debris on the behaviour of ero-

sion and entrainment, and to quantitatively assess the sensi-

tivity of rheological parameters in terms of the Voellmy

model of the rheological formulae, by employing the One-

way and Two-way analysis of variance (ANOVA) methods.

Numerical Modelling

In the present study, mobility analyses are conducted using

the quasi-three-dimensional finite element method of Chen

and Lee (2000) in the Lagrangian frame of reference. We

calibrate the model parameters through soil test and back-

analyses of the past slope failures. We then assign series of

rheological parameters to numerically model those scenarios

analogous to different basal and scale conditions and use

them to predict the runout, with different turbulence

coefficients and dynamic basal friction angles. Validations

and applications of the adopted numerical method can also

be found in Chen and Lee (2002, 2003) and Crosta et al.

(2004) with various rheologic kernels.

In order to evaluate the erosional effects on debris runout

behaviour, we set up the series of numerical modelling with

concave basal topographies, rheologic formulae (Voellmy

model) and yield rates (0.007) (Chen et al. 2006). The

geometric configurations are designed as an inclined slope

(40�) and a horizontal runout zone connected with a linear

transition zone. The x–y plane of the Cartesian coordinate

sits on the horizontal zone with the origin coinciding with

the projection of the centre of mass of the initial material.

The x-axis is aligned with the steepest descent of the slope

surface (Fig. 1). Two basal topographies are considered for

the slope: an inclined plane (series A), and one on which a

shallow channel is superposed with a concave cross-slope

profile (series B) that laterally constrains the material move-

ment. All tests begin with the same amount of material

resting on the upper section of the inclined zone. The initial

mass is a spherical cap whose projection on the x–y plane is

a circle with radius R ¼ 1 m. The maximum height of the

initial mass is H ¼ 1/4 R ¼ 0.25 m, which gives an initial

volume V0 ¼ 1
6
πH 3R2 þ H2

� � ¼ 1:58 m3. The slope

projected on the x-axis lies in the range x < 9 m, and the

horizontal runout zone is x>11R, and the slope width is 8 m

(�4 m ~ +4 m). The concave channel projected on the y-

Fig. 1 Set-up of the numerical experiments
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axis lies in the range �2 m < y < 2 m, the deepest part

located at x ¼ 0, at the depth of 0.25 m.

The granular material is assumed to have an internal fric-

tion angle ϕ ¼ 30�. In Voellmy rheology, the effective

dynamic friction coefficient μ ¼ 0.1, and the dimensionless

turbulent coefficient ξ ¼ 1, 000 m/s2. The unstructured mesh

of the initial mass is shown in the inset in Fig. 1, where the

front and rear are intentionally refined. The convergence tests

conducted ensure that the resolution of discretisation is suffi-

cient to reveal the most relevant flow features.

Results of Dynamic Process for Debris Flow

Figure 2a gives the time sequence of the margins of the

unconfined flows (series A). The margin changes from

initially a circle to a teardrop shape with a wider, blunt

front but a concave, narrow end, which may be caused by

the turbulent effect from the Voellmy rheology. Lateral

spreading is significant. A higher yield rate results in a flatter

rear. For channelized flows (series B), longitudinal

stretching is dominant but lateral spreading is trivial because

of side confinement, as shown in Fig. 2b. The convex front

deposits in the horizontal zone while the narrow concave

rear is still up in the transition zone that is partially confined.

Entrainment with a higher yield rate produces a blunter, less

pointed front.

The deposit profiles and thickness distributions are also

included in Fig. 2, showing a blunt concave front

(unconfined flow, series A) and a tongue-shaped front

(channelized flow, series B) respectively. A higher yield

rate always corresponds to a wider front and a longer propa-

gation. For the same yield rate, the front of the channelized

flow (series B) displaces further than that of the unconfined

flow (series A). It is also noted that the maximum deposit

thickness locates largely in the mid-deposit, or slightly

towards the front, although the front and the tail are thinly

distributed. The centre of mass of the deposit is almost

around its maximum thickness. The mass profiles are cut

longitudinally along the centre of the descending axis of the

flow, shaping from a relatively thick tail and a thin front to a

thick body and a thin proximal end in the deposition zone. A

higher erosion rate corresponds to a thicker deposit depth. In

comparison, the entrainment and runout geometry strongly

influences the variations of mean velocity. Generally, the

entire body of the debris moves faster, but it also halts faster

owing to the increase of system inertia through erosion.

Under the same yield rate, the mean velocity of the

channelized flow has a higher peak value but decreases

faster than that of the unconfined flow. Again, for the same

yield rates, the unconfined flows remove more material from

the bed during runout than the channelized ones. The front

velocity during runout shows a similar trend regardless of

yield rate or runout geometry conditions. Under the same

runout geometry, a larger value of front velocity corresponds

to a higher yield rate. Under the same yield rate, the fronts of

unconfined flows move slower than those of channelized

ones when they travel the same distance.

Fig. 2 Projection of debris profiles on horizontal plane (Voellmy model). (a) unconfined flows, (b) partially confined flows
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Results of Sensitivity Analysis for Rheological
Parameters

Numerical Simulation Analysis on Debris
Mobility with Different Rheological Parameters

In order to evaluate the sensitivity of rheological parameters

to debris runout behaviour, we consider the influence of

basal friction and the turbulence coefficient on the debris

mobility. The numerical experiments involve a total of 54

working conditions, including six dynamic basal friction

angles (6–16�, with incrementΔδ ¼ 2�) and nine turbulence
coefficient (500–1,300 m/s2, with increment Δξ ¼ 100 m/

s2).

The three-dimensional surface maps of maximum veloc-

ity, movement distance, deposition area and deposition vol-

ume under different dynamic basal friction angle and

turbulent coefficient are shown in Fig. 3. It shows that the

variation tendency of maximum velocity is the same as the

other three indices; however, the tendency of maximum

velocity is closer to the plane (see Fig. 3a). Under the same

turbulence coefficient, maximum velocity decrease linearly

with the gradual increase of basal friction angle, under

different turbulence coefficient, the decreasing trend and

extent of maximum velocity are consistent. On the other

hand, under the same basal friction angle, maximum velocity

increases linearly with the increase of the turbulence

coefficients, under the different basal friction angle, the

increasing trend and extent of maximum velocity are

consistent.

The variation tendencies of other three indices are similar

to that with velocity; the three-dimensional surface maps are

of curved shape. Under the same turbulence coefficient,

movement distance, deposition area and volume are concave

decreasing trend in the increase of basal friction angle.

Under different turbulence coefficient, the decreasing trend

of three indices is consistent; however, the extent of reduc-

tion is greater than the change in velocity. Under the same

basal friction angle, movement distance, deposition area and

volume are linearly increasing; the extent of reduction is

little. The extent of the increase gradually decreases with

the increase of basal friction angle.

One-Way ANOVA on Intensity and Scale
of Debris Flow

A One-Way ANOVA (Analysis of Variance) is a statistical

technique by which we can test if three or more means are

equal. It tests if the value of a single variable differs signifi-

cantly among three or more levels of a factor. In this paper,

we respectively tested the means of the single variable such

as maximum velocity, movement distance, and deposition

area, deposition volume among six levels of dynamic basal

friction angles and nine levels turbulence coefficients. The

results are shown is Tables 1 and 2.

In terms of the details of the ANOVA test (see Table 1),

note that the number of degrees of freedom (DF) for the

between groups (8) is less than the number of DF within

groups (45) and the overall F test is significant (F � 1, P

� 0.001) in four cases; showing that the variance between

groups is greater than the variance within groups, due to the

differences by grouping is far beyond the differences by

sampling. Therefore, we can reject the original hypothesis,

and conclude that there are significant mean differences of

each single variable under different dynamic basal friction

angles.

In terms of the details of the ANOVA test (see Table 2),

note that the number of degrees of freedom (DF) for the

between groups (8) is less than the number of DF within

groups (45) and the overall F test is significant (F ¼ 6.772,

P < 0.001) in only case of maximum velocity, indicating

there are significant mean differences of maximum velocity

under different turbulence coefficients. However, the overall

F test is insignificant (F � 1 or < 1, P > 0.05) in other

cases of movement distance, and deposition area and depo-

sition volume, showing there are insignificant mean

differences of these variables under different turbulence

coefficients.

Fig. 3 Three-dimensional surface map of each index. (a) The maximum velocity, (b) movement distance, (c) deposition area, (d) deposition

volume

162 G. Yu et al.



The ANOVA results therefore show that the dynamic

basal friction angle can affect maximum velocity, movement

distance, and deposition area and deposition volume of

debris flows. Conversely, the turbulence coefficient can

only affect maximum velocity.

Two-Way ANOVA on Velocity of Debris Flow

Based on the above analysis, the turbulence coefficients and

dynamic basal friction angles can both impact on the veloc-

ity of debris flow. Which among the rheological parameters

or the interaction between parameters greater impact on the

velocity? We employed a two-way ANOVA to solve it.

The profile plot is a line plot in which each point indicates

the estimated marginal mean of a dependent variable (veloc-

ity) at one level of a factor. The levels of a second factor can

be used to make separate lines (see Fig. 4a, b). As can be

seen from these figures, profile plots of each factor are

parallel, is not convergent. It shows that the effect of basal

friction angle, and the effect of turbulence coefficient are

independent of the maximum flow rate, and there is no

interaction between two parameters, which means that

there is only the effect of main factors. Therefore, we

employed a Two-Way ANOVA without interaction to com-

pare the effect of multiple levels of two factors (turbulence

coefficient and dynamic basal friction angle). The results are

shown is Table 3.

In terms of the details of the ANOVA test (see Table 3),

the overall F test is significant (F � 1, P � 0.001) of two

factors; indicating that there are significant mean differences

of velocity under different dynamic basal friction angles and

turbulent coefficient. On the other hand, the F value of

dynamic basal friction angle is bigger than F value of

dynamic basal friction angle, showing that the influence of

dynamic basal friction angle on debris is greater than the

impact of the turbulent coefficients.

Conclusions

The front of the channelized flows propagates further than

that of the unconfined flows, as confinement strongly

influences the overall displacement and the thickness dis-

tribution in the deposition zone. Moreover, the volumetric

accumulation processes demonstrate that unconfined flows

erode more materials than their channelized counterparts

owing to the lateral spreading. The computational results

Table 1 One-way ANOVA results under the different dynamic basal friction angle

Dynamic basal friction angle δ Sum of squares DF Mean square F value Sig.

Vmax (m/s) Between groups 9.018 5 1.804 7.912 0.000

Within groups 10.943 48 0.228

Total 19.961 53

Movement distance (m) Between groups 85.778 5 17.156 36.835 0.000

Within groups 22.356 48 0.466

Total 108.133 53

Deposition area (m2) Between groups 1.376 5 0.275 156.087 0.000

Within groups 0.085 48 0.002

Total 1.461 53

Deposition volume (m3) Between groups 2,238.721 5 447.744 73.011 0.000

Within groups 294.364 48 6.133

Total 2,533.086 53

Table 2 One-way ANOVA results under different turbulence coefficient

Turbulent coefficient ξ Sum of squares DF Mean square F value Sig.

Vmax (m/s) Between groups 10.904 8 1.363 6.772 0.000

Within groups 9.057 45 0.201

Total 19.961 53

Movement distance (m) Between groups 21.160 8 2.645 1.369 0.236

Within groups 86.973 45 1.933

Total 108.133 53

Deposition area (m2) Between groups 0.054 8 0.007 0.215 0.987

Within groups 1.407 45 0.031

Total 1.461 53

Deposition volume (m3) Between groups 237.646 8 29.706 0.582 0.787

Within groups 2,295.440 45 51.010

Total 2,533.086 53
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coincide with some field observations that unconfined

flows typically exhibit a wide range of entrainment and

deposition volume, whereas confined flows yield moder-

ate volumes of entrainment and small volumes of deposi-

tion. The calculations also suggest that basal topography

is an important factor influencing the debris transporta-

tion and deposition processes.

A higher friction angle can lead to greater energy

dissipation, and a higher turbulent coefficient can sweep

more material of the surrounding medium. The basal

condition and turbulent item both influence the velocity,

and the effect of basal condition is greater than the turbu-

lent item on the velocity, and there is no interaction effect

between the two parameters on the velocity.

The velocity, runout distance, and deposition area and

volume are more sensitive to underlying surface

conditions, particles of debris, pore water pressure; it

shows that these factors have very close connection

with debris intensity and disaster area and scale, and can

affect the debris intensity and disaster area and scale to a

large extent. Conversely, the velocity, runout distance,

and deposition area and volume, are less sensitive to the

source volume of debris flows, and can only affect the

velocity to a little extent.
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Evaluation of Sensitivity of the WAA and SINMAP
Models (Static) for Landslide Susceptibility Risk
Mapping in Sri Lanka

A.A. Virajh Dias and A.A.J.K. Gunathilake

Abstract

Shallow landslides are one of the most common types of failures occurring frequently in

steep slopes, overburden soil and landscapes in different climatic zones. The effect of

topography, slope angle, slope drainage, vicinity of road and infrastructure, overburden soil

depth and geology are important factors for the interpretation of the recurrence of shallow

landslides. Data, although insufficient in number, has stimulated the debate about the effect

of geology and topography on the susceptibility of shallow landsliding. An Analytical

Hierarchical Process is applied in order to derive the weights associated with attribute map

layers. Based on these weights, GIS datasets are combined by weighted Average Analysis

(WAA) and the landslide susceptibility map of the study area is created. The resulting

information was compared with the landslide susceptibility map derived through the

Stability Index Mapping (SINMAP) model. Both outputs are useful for a better understand-

ing of landslide susceptibility and their origins and prioritization of efforts for the reduction

and mitigation of future landslide hazards. Sensitivity of both approaches was fine tuned

with the overburden soil strength parameters, geomorphological evidences and field verifi-

cation techniques.

Keywords

Landsides � AHP � Susceptibility � SINMAP

Introduction

Natural instabilities and movement of material on hill slopes

have induced researchers to model and predict the behavior

of landslide movements. The most common slope instabi-

lities in Sri Lanka represented by an initiatial shallow rota-

tional or translational slides followed by a flowage mass

(Cooray 1994). The infiltration of heavy downpours within

relatively short periods of time creates the development of

excessive pore water pressure at shallow depths of the slope

almost parallel to the morphology. Contact with less perme-

able bedrock tends to increase the pore water pressure and

cause significant reduction of shear strength or causes the

soil to reach a maximum permissible strain leading to down-

ward and outward movement of the slope (Bhandari et al.

1992). Such regional scale destabilisations are, therefore,

necessary to evaluate the landslide susceptibility through

an appropriate spatial analysis model to interpret the poten-

tially hazardous conditions.A.A.V. Dias (*)
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Slope Dynamics

Landslides result from independent or combined effect of

spatio-temporal intrinsic and extrinsic variables, including

hydrology (rainfall, evapotranspiration and ground water),

topography (slopes and ground setting), geology (soil and

rock), land use (vegetation surcharge, and root strength) and

human activities including excavation, trenching and

backfilling (Van Westen 1993). Relatively static environ-

mental factors (i.e. elevation, slope, aspect and topographic

curvatures) exhibit negligible changes in their state through

time and differ from dynamic factors such as climatic or

human activities which tend to alter landslide susceptibility

through time (Varnes 1984). However, the spatio-temporal

differences do exist in both environments. To predict the

spatial and temporal pattern of the areas susceptible to land-

slide, a distribution approach is needed that incorporates

varying precipitation intensity, soil depth, vegetation (spe-

cies, age, density) and root strength. Some of the difficulties

arise in the modeling of the unsaturated boundary condition

and the flow through the unsaturated soil (Dias et al. 2001).

Understanding factors which influence slope stability

should be firmly based on the principles of effective stress

and the influence of strains and deformations on shear

strength. Moreover, the importance of geology, geological

history and geological modeling can hardly be overstated

(Fookes 1997; Fookes et al. 2000; Hutchinson 1988). Con-

ventional stability analyses play a useful but limited role in

assessing and managing slopes. For a discussion of the

merits and limitations of conventional deterministic and

probabilistic analyses, refer to the explanations given in

Chowdhury and Flentje (1998).

Landslide dynamics get remarkably modulated by inter-

play of several factors. Therefore, all related scientific stud-

ies must necessarily attempt to correlate cause-effect

relationship (Bhandari and Dias 1996). Since the advantage

of slope movement and piezometric measurements may not

always be available, it may often be helpful to correlate

rainfall intensities with possible initiation of Riedel shears

and other slope surface features particularly in landslide

susceptible areas (Bhandari and Dias 1996).

Study Area

The selected study area is in the Kalawana Administrative

Division which belongs to Rathnapura District,

Sabaragamuwa Province in Sri Lanka. It runs from

6�3503000 to 6�2202000 northern latitude and from 80�3802500

to 80�1702300 eastern longitude. It is in the Kalawana main

watershed drained by three major tributaries namely

Delgoda Ganga, Koswatta Ganga and the Wewa Ganga,

as shown in Fig. 1.

SINMAP Model Approach

The shallow landslide usually obeys the infinite slope failure

condition. The mathematical models developed by

Montgomery and Dietrich (1994), Dietrich et al. (1993) are

used to study shallow landslides. The model takes into

account the infinite plane slope stability coupled with a

steady state topographic hydrologic model.

The stability index (SI) is defined as the probability that a

location is stable and is calculated by considering the most

and least favourable situations (i.e. lower or upper bounds)

and the probability that a certain factor of safety may be

attained. The factor of safety calculation (FS) in SINMAP is

based on the infinite slope form of the Mohr-Coulomb fail-

ure law as expressed by the ratio of stabilizing forces (shear

strength) to destabilizing forces (shear stress) on a failure

plane parallel to the ground surface (Hammond et al. 1992),

shown in Eq. (1).

FS ¼ Cr þ Cs þ cos 2 α γs D� Dwð Þ þ γs � γwð ÞDw½ � tanϕ
sin α cos α γsD½ �

ð1Þ

The specific catchment area is defined by the ratio of the

area that drains into the grid cell to the contour length across

the grid cell. For steady saturated flow, lateral subsurface

flow may be expressed by the transmissivity (T) along the

N

#

Kukule Ganga

#

#

Koswatta Ganga

#

Delgoda Ganga

#

Wewa Ganga
#

Rambuke Ganga

140000

#

Rambuke Ganga

#

Maha Ganga

Fig. 1 Overall sanction of the study which includes major sub

watersheds of the Kukule Ganga main watershed. Three major

tributaries are situated within the Kalawana Administrative Division

of the Ratnapura District
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slope (Pack et al. 1999) using Eq. (2).

T sin αb ¼ KsDw cos α sin αb ð2Þ

where, T is assumed to be constant with depth, b is the flow

length, and Ks is saturated hydraulic conductivity. The

capacity for subsurface lateral flow is defined by the product

of recharge and contributing area im Eq. (3).

Ra ¼ KsD cos α sin αb ð3Þ

where, D is the vertical thickness of soil. Combining the

above equations, an expression (Eq. 4) for the thickness of

the water table could be obtained.

Dw ¼ D
R

T

a

b sin α
ð4Þ

where C ¼ (Cr + Cs)/(h r s g) is the combined (root and

soil) cohesion made dimensionless relative to the perpendic-

ular soil thickness; h ¼ D cos α soil thickness, perpendicu-

lar to the slope; Cr—root cohesion [N/m2]; Cs—soil

cohesion [N/m2]; D—the vertical soil depth [m]; α - slope

angle; rs—wet soil density [Kg/m3]; g—the gravitational

acceleration (9.81 m/s2); R—recharge rate (m/h); T—trans-

missivity (m2/h); a—specific catchment area (m2); rw—the

density of the water [Kg/m3]; ϕ—the internal friction angle

of the soil [degree]

Model uses the following assumptions:

• Shallow lateral subsurface flow follows topographic

gradients.

• Lateral discharge at each point is in equilibrium with

steady state recharge R [m/h].

• The capacity for lateral flux at each point is T*h, where T

is the soil transmissivity [m2/h], i.e. hydraulic conductiv-

ity [m/h] times soil thickness, h [m].

In Eq. (1), terrain stability model SINMAP can compute

all the variables from the topography, except for combined

cohesion (C), tan of effective angle of internal friction of soil

(tan(ϕ)) and wetness index (T/R). The digital elevation

model (DEM) and appropriate soil parameters were the

fundamental input parameters for the model. For the purpose

of detailed calibration of the model, Kalawana Division was

initially divided into 10 sub watersheds using the hydrology

extension of the ArcView 3.2. The analysis was further

extended by sub-dividing to more sub watersheds in old

landslide proven areas. The evaluation of the T/R ratio and

the combined cohesion (i.e. soil cohesion and the root cohe-

sion) was determined by considering the supportive landuse

pattern of the particular watershed. The uncertainty of these

parameters is incorporated through the use of uniform prob-

ability distributions with lower and upper bounds. The

SINMAP model approach of evaluation of suceptibility

coefficient is shown in Fig. 2.

Weighted Average Analysis (Factor Overlay
Model) Approach

In the second method of approach, a number of factor maps

were used for the study. These were slope maps derived from

the DEM, bedrock geology map, landuse map derived from

the aerial photos, soil map derived from the average com-

bined cohesion concept (i.e. root cohesion and soil cohe-

sion), derived map of road buffer from slopes, rainfall map

and stream density map. Rainfall is a major triggering factor

in most slope instability problems on hill slopes. Therefore,

hydrological parameters (rainfall and stream density) were

considered to obtain a reasonably accurate weight for the

analysis. Three days cumulative rainfall distribution pattern

in a particular watershed and the total number of 1st order

Landuse

Weighted Average
Analysis 

Development of Factor Maps

Road Buffer

Geology

Overburdened 
Geology
( soil cohesion 
and root 
cohesion)

Slopes

Hydrology-
1: Rainfall

Hydrology-
2: density of 
1 st order 
streams

Modified AHP for Rating 

Integrating of Factor Maps

Landslide
Susceptibility Map 

Evaluation & Calibration of
Susceptibility Index 

Statistical Approach

Fig. 2 Method 1: SINMAP model approach for the Landslide Suscep-

tibility Assessment
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streams in the watershed were considered. The evaluation of

weighted average was made through the Analytical Hierar-

chy Process (AHP). The model approach for the evaluation

of the suceptibility coefficient using WAA approach is

shown in Fig. 3.

After evaluation of the area with regard to seven factors,

at present, the values of seven factors classes X are

multiplied by derived individual weights for each factor

(w1. . ...w7) and then are summed together. Then, the total

value (M1) for each pixel and the regional model will be

derived in Eq. (5).

M1 ¼ w1X1þ w2X2þ w3X3þ w4X4þ w5X5

þ w6X6þ w7X7 ð5Þ

By replacing the combined weights (w1. . ...w7) that had
been derived previously, the final model was formulated

(Eq. 6).

M ¼ w1X1þ w2X2þ w3X3þ w4X4þ w5X5

þ w6X6þ w7X7 ð6Þ

Where: M ¼ Susceptibility coefficient.

X1. . .X7 ¼ in order, are related to slope, soil, geology,

landuse, hydrology 1(rainfall), hydrology 2(1st order

streams) and road buffer and, w1. . .. w7 ¼ are the weights

related to each X1. . .. X7 factors. M varies from 0 to 1;

thereafter five number of susceptibility classes were

assigned, considering higher values for higher susceptibility

of landslides (Dias et al. 2005).

Parameters for Analysis

The relavent parameters for the evaluation of Table 4

derived from various combinations of anaysis are shown in

Tables 1, 2 and 3 below.

The specific gravity of the soils average from 2.6 to 2.9.

Laboratory test for shear strength showed an average effec-

tive cohesion (C0), of 6.5 kPa to 15.5 kPa with effective

angle of internal friction (ϕ0) from 26� to 35�. At the shear

boundary, the effective cohesion (C0) and effective angle of

internal friction (ϕ0) were 0 kPa and 22�, respectively.

Deterministic Approach

SINMAP

Use Multi-Calibration
Themes  

Kalawana Main
Watershed 

Out put Results
& assessment

Sub-Watershed
NO-05 

Re-Calibration

Area calibrated to 07
sub watersheds  

Area calibrated to 07
sub watersheds  

SubWatershed
NO-08  

Stability Index
Map 

Input soil parameters re-calibration with the
use of landuse, soil cohesion, root cohesion,
angle of internal friction and density of soil  

If Satisfactory
Output 

No

yes

Fig. 3 Method 2: weighted average analysis (factor overlay approach)

model approach for the Landslide Susceptibility Assessment

Table 1 Cohesion parameters for the different landuses

Landuse pattern as at 2003 Soil cohesion (kPa)

Root cohesion

with soil

moisture (kPa)

Dense forest 15.5 12

Forest 12 10

Homestead and Barren 2 2

Paddy 2 0

Plantations 6.5 4

Scrub and Grass 5 4

Water Features 0 0

Table 2 Laboratory measured value of K (saturated hydraulic conduc-

tivity) for various residual soils

Type of residual

formations Category

Saturated hydraulic

conductivity, K (103 m/year)

Clay Type 5 <0.0001

Silt, clayey Type 3 0.1–0.4

Silt, slightly sandy clay Type 2 0.5

Silt, moderately sandy Type 2 0.8–0.9

Silt, very sandy Type 4 1.0–1.3

Sandy silt Type 1 1.3

Silty sand Type 1 1.4
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Results and Discussion

The analysis defines the areas that intuitively appear to be

susceptible to landslides. It was noted that few landslides

occurred on slopes that would not normally be recognized

as susceptible to landslides. This indicates that methodo-

logy mis-classified several of these sites as being landslide-

prone due to the site-specific conditions and inaccurate

input parameters. The wetness index was identified to

cause inaccuracy during preliminary modelling of the

area, therefore, re-calibration was done by further sub-

dividing the landslide proven watershed areas of the main

Kalawana watershed.

Results from the factor of safety calculations are

expressed by a stability index based on values of FS ranging

from 0 to >1.5. The stability index (SI) is defined as the

probability that a location is stable assuming uniform distri-

bution of the soil parameters over their range of values. The

classification is divided into six classes. Classes 1–3 are for

regions that should not fail according to the model with the

most conservative parameters in the specified range. These

areas have SI >1.5 and FS >1.0. For classes 4–5, the

calculated FS is <1.0, yet the probability of failure is less

than and greater than 50 %, respectively. These two classes

define a lower and upper limit for ground failure and have SI

values 1.0–1.5 and 0–1.0, respectively. Class 6 is uncondi-

tionally unstable meaning that the probability of failure

within the specified range of parameters is greatest (assumed

>90 % probability). In this case, FS is <1.0 and SI ¼ 0.

In WAA, the state–of–nature attribute maps are well

defined under the weighted average technique which

explores sensitivity of the geomorphological input para-

meters such as road buffer, rainfall zones, stream order and

overburden geology for the overall assessment. From the

resulting weights in Table 4, the most important influential

types of factor maps related to the landslide were recog-

nized. Based on the weights assignment, landslide suscepti-

bility was categoried between no-susceptibility to very-high

susceptibility. The final weights of the resulting map ranged

from 0.036 to 0.585 or 1. The hazard map was grouped into

five simplified categorieas shown in below based on the

histogram of the final weighted values.

1 0 < M < 0.146 No susceptibility

2 0.146 < M < 0.256 Low susceptibility

3 0.256 < M < 0.365 Moderately susceptibility

4 0.365 < M < 0.475 High susceptibility

5 o.475 < M < 1 Very high susceptibility

The final output is shown in Table 4 before and after

recalibration. The overall map output and evaluation of

sensitivity is shown in Fig. 4.

Conclusion and Recommendations

The above findings indicate the variability of the concep-

tual models and their relative importance with the input

databases. The detailed and comprehensive geographical

information databases are required to obtain the statistical

interpretation and calibration of the model. Similarly, soil

saturation conditions and the validity of wetness indices

within a watershed is another avenue to calibrate the

analytical model with the inputs of other soil parameters.

Space technology using satellite and aerial remote

sensing plays a very important role in terrain mapping

and the scientific assessment of the ground conditions.

This technology is ideally suitable for inaccessible moun-

tainous regions where the majority of old landslides were

Table 3 Recommended effective shear strength parameters for the

evaluation of landslide Susceptibility using SINMAP

Soil type

Moist unit

weight

(kN/m3)

Saturated

unit weight

(kN/m3)

Cohesion

intercept

(kPa)

Angle of

internal

friction (�)
Type 1 SM 16.5 18.5 5.0 34.0

Type 2 SM 18.5 20.0 6.5 26.0

Type 3 SM 18.5 20.0 0.0 21.0

Type 4 SM 16.5 18.5 15.5 29.2

Type 5 SM/

CL

18.5 20.0 6.5 26.0

Table 4 Overall results of the landslide susceptibility analysis of Kalawana division

RESULTS

WAA—use of weighted average analysis method of assessment model

SINMAP- use of terrain stability model of stability index mapping

(SINMAP)

% Area fall in the equivalent stability class according to the

susceptibility criteria

Sub-watershed

number 05 of main

watershed

Sub-watershed

number 08 of main

watershed

Overall results of

the Kalawana

main watershed

WAA SINMAP WAA SINMAP WAA SINMAP

No susceptibility 46.45 45.6 22.07 40.1 38.67 52.49

Low susceptibility 8.09 6.4 25.53 7.4 18.99 8.90

Moderately susceptibility 26.29 10.4 25.44 11.2 22.80 12.11

High susceptibility 15.78 35.0 21.04 35.4 16.30 24.11

Very high susceptibility 3.39 2.8 5.91 5.0 3.24 2.19
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identified. One of the critical observations of the study is

the lack of a complete data base of recent occurrences of

old landslides on May 2003. Only 39 landslides were

used out of 78 case records at Kalawana to calibrate

models due to inaccessibility at field. Therefore, multi-

temporal satellite data may be the only solution to over-

come such problems and acquire more geographical

information. In landslide study high spatial resolution

satellite photo images are recommended.

The satellite imagery data allowed generation of high-

resolution Digital Elevation Models (DEM). The derived

relief parameters can be analyzed in GIS together with

other information obtained from remote sensing data,

thematic maps and field observations for a spatially

differentiated terrain as a basis for further assessment of

landslide hazard.
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The Method for In-situ Large Scale Shear Test
of Saturated Soils and Its Application

Maosheng Zhang, Wei Hu, Lifeng Zhu, Ying Pei, and Junbo Bi

Abstract

Due to inherent uncertainties associated with laboratory testing, such as sampling distur-

bance and size effect, and the limitation that conventional in-situ large scale shear tests are

generally carried out for soil masses of natural water content, soil mass strength parameters

determined by back analysis instead of testing are, mostly, used for geotechnical stability

analyses and engineering designs. In this study, based on conventional in-situ large scale

shear test apparatus, two modes of apparatus, the vertical soaking mode and the lateral

soaking mode, were developed to accommodate testing techniques for saturated soil. With

the apparatus, seven in-situ large scale shear tests were carried out on saturated loess

masses in Heifangtai, Gansu province. The results show that the loess masses could be

saturated by both modes. Compared with the lateral soaking technique, vertical soaking

often causes more sample disturbance, even failure, although it takes less time to saturate.

Compared with parameters from in-situ large scale shear tests of the loess masses with

natural water content, cohesion from in-situ large scale shear tests of the saturated loess

masses decreased sharply from 44.65 to 17.35 kPa, while internal friction angle decreased

marginally from 14.18� to 11.95�. Compared with parameters obtained through

consolidated quick direct shear tests on the saturated loess, the increments of cohesion

and the internal friction angle from in-situ large scale shear tests of the saturated loess

masses were about 4 kPa and 3� respectively. To improve the method, it is necessary to

carry out comparative tests in order to improve the uniformity of water distribution and

degree of saturation, as well as select more pervious materials.

Keywords

Saturated loess � In-situ large scale shear tests � Cohesion � Internal friction angle

Introduction

Equation of shear envelope to evaluate the shear strength of

soils with cohesion and internal friction angle was developed

by C. A. Coulomb in 1776, laying the theoretical foundation

for classical soil mechanics. Since the establishment of soil

mechanics by K. Terzaghi in the early twentieth century,

various tests have been done to acquire shear strength

parameters of soil (Bishop 1954; Seed and Lee 1966; Bishop

et al. 1971; Fredlund et al. 1978; Fredlund and Rahardjo

1993; Chen 1999; Vallejo and Roger 2000; Li et al. 2007;
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Zhang et al. 2006; Cao et al. 2010). Besides, some indirect

methods have also been developed.

Laboratory tests are the most common techniques to

obtain shear strength parameters. Boundary conditions of

laboratory testing can be controlled easily. Moreover, vari-

ous laboratory tests are available including direct shear,

triaxial shear, ring shear and torsional shear. However, labo-

ratory tests also have obvious shortcomings: firstly, after a

series of procedures of exploration, site sampling, wrapping,

transportation, safekeeping, laboratory sampling and testing,

the structures of laboratory samples are often disturbed or

even damaged; secondly, because laboratory samples are

often small in dimensions, the representativeness of test

results is greatly reduced; thirdly, soil masses are composed

of both soil particles and structural planes which cannot be

included by laboratory samples. Hence, shear strength

parameters obtained from laboratory tests are rarely used

directly in stability analysis and design of geotechnical

structures.

Vane shear tests, borehole shear tests and in-situ large

scale shear tests are the main in-situ methods to directly test

shear strength of soil masses, among which in-situ large

scale shear tests are more widely used for their applicability

to almost all types of rock and soil masses (Vallejo and

Roger 2000; Li et al. 2005, 2007; Zhang et al. 2006; Cao

et al. 2010; Xu et al. 2006; Huang et al. 2008; You and Tang.

2002). Compared with laboratory tests, in-situ tests are

advantageous in terms of larger sample dimensions, less

disturbance and better representativeness. However, at pres-

ent, in-situ large scale shear tests of soil masses are generally

carried out in soil masses of natural water content, while

tests in saturated soil masses are seldom recorded.

For water sensitive loess, the shear strength reduces rap-

idly after saturation which is one of the main causes of loess

slope and foundation failure. Hence, it is both theoretically

significant and practically valuable to develop in-situ large

scale shear test methods and obtain corresponding

parameters of saturated loess masses in the failure analysis

of loess slopes and foundations. In this study, two modes of

soaking and saturating apparatus, the vertical soaking mode

and the lateral soaking mode, were developed. With the

apparatus, seven in-situ large scale shear tests of saturated

loess masses were carried out in Heifangtai, Gansu province.

By analyzing the degree of saturation and the structural

disturbance of samples, as well as comparing the parameters

with those obtained from in-situ large scale shear tests of

loess masses with natural water content and consolidated

quick direct shear tests of saturated loess, the in-situ large

scale test method and shear strength parameters of saturated

soil masses is discussed. Also some improving measures of

the test method are proposed.

Design of Soaking and Saturating Test
Apparatus

Compared with conventional tests of soil masses with natu-

ral water content, the principle of in-situ large scale shear

tests of saturated soil masses is the same, with the only

difference on testing procedures, which is to make saturated

soil mass samples by tailor-made devices before starting to

consolidate and shear. The in-situ large scale shear test

apparatus for saturated soil masses is based on conventional

WBJL in-situ large scale shear apparatus, as shown in Fig. 1.

The main components and their parameters are as follows: a

square-shaped shear box with an area of 2,500 cm2, a

hydraulic jack providing shearing forces with the peak load-

ing capacity of 500 kN, a strain gauge pressure sensor with

the top range of 500 kN, several dial-typed displacement

gauges with the range between 0 and 50 mm and a ground

anchor beam-typed reaction frame. Data is recorded and

computed automatically.

There are two key issues in deciding whether an in-situ

large scale shear test of saturated soil masses is successful:

firstly, how to make the sample saturated and in the mean-

time ensure the undisturbed state of the sample; secondly,

how tomeasure degree of saturation to ensure that the sample

is saturated. To live up to two constraint conditions of rea-

sonable degree of saturation and limited sample disturbance,

two modes of apparatus, the vertical soaking mode and the

lateral soaking mode, were designed, as shown in Fig. 2.

The vertical soaking mode includes the use of a soaking

ring, 80 cm in diameter and 50 cm in height. The bottom rim

of the ring is sharp-edged to help with soil penetration. Once

penetrated and in position, the ring serves as a water tight

barrier around a cylindrical soil sample 20 mm less in

diameter than that of the ring. Water is then injected into

Fig. 1 Conventional in-situ large scale shear test apparatus
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the ring until the cylindrical soil is covered and saturated.

After that, a standard sample is cut into shape before consol-

idation and shearing.

The lateral soaking technique is to make a standard sam-

ple first, which is 10 mm smaller inside length than that of

the shear box. The shear box is gently adjusted to the centre

of the standard sample. After that, the gap between the shear

box and the sample is densely filled with sieved medium-fine

sands, which in turn forms a permeable barrier. Lastly, the

soaking ring is installed outside the shear box and water is

injected until saturation.

Test Scheme and Key Technical Points

This study focused on the loess from Heifangtai, Gansu

province in northwestern China. The basic physical

properties of the loess are summarized in Table 1. With the

two sets of soaking test apparatus mentioned above, seven

loess samples were soaked for a long period until saturation.

And then the rest of the apparatus was implemented and

shearing started. After shearing, several verification tests

were followed: firstly, several water content tests were

done at different parts of the saturated samples to test the

degree of saturation; secondly, to compare shear strength

parameters of loess masses under saturated state with those

under natural water content, in-situ large scale shear tests of

three loess samples with natural water content were carried

out in the vicinity; thirdly, undisturbed loess samples were

taken to the laboratory to carry out consolidated quick direct

shear tests. The aim is to compare laboratory shear strength

parameters of saturated loess with the in-situ test results.

The detailed operation of in-situ large scale shear test

follows the guidance of Specification for in-situ direct

shear test (Kunming Prospecting Design Institute of China

Nonferrous Metals Industry 2001). The loading conditions,

including loading magnitude of each level, loading speed,

stable standard, shearing speed, have to be controlled very

rigorously.

1. Control of the vertical loading conditions: To not only

avoid sudden failure of the samples, but also compare the

deformation process of both natural and saturated loess,

the vertical loading magnitudes of each level for both

water content states were kept as 5 kN. The vertical

loading increment would not be applied until the chang-

ing rate of the vertical displacement meter reached

0.05 mm/min or less and stayed stable. For the last level of

vertical loading, the changing rate would reach 0.05 mm/

h or less. Then the vertical deformation would be consid-

ered to be stable and shearing could start.

2. Control of the shearing loading conditions: To simulate

consolidated undrained conditions, the vertical pressure

was kept constant as designed while the lateral pressure

was applied quickly step by step. Based on predicted

shearing strength, shearing load for each loading level

was set to be 1 or 2 kN. In the process of loading, the

readings of lateral pressure meters kept increasing. When

the readings stopped increasing or even decreased dra-

matically, the samples were deemed to be failed. Because

most of the loess landslides in Heifangtai belong to high-

speed long run-out landslides, the shearing durations

were kept to be around 10 min.

For in-situ large scale shear test of saturated loess, three

sampling techniques should be stated herein.

1. Precise sample preparation

For vertical soaking mode, cylindrical samples 20 mm

less in diameter than that of the soaking ring were cut in

the loess. The ring was installed around the cylinder.

Fig. 2 Schematics of the two soaking modes. (a) Vertical soaking mode, and (b) lateral soaking mode

Table 1 Physical properties of the loess with natural water content

Specific

gravity Water content (%)

Density

(g · cm�3)

Void

ratio Liquid limit (%) Plastic limit (%)

Plasticity

index

Liquidity

index

2.70 9.1 1.51 0.930 25.04 17.20 7.84 �1.13
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Water was not injected until the position of the ring was

adjusted to make the cylinder centered, as well as the gap

between the sample and the ring was filled with sieved

medium-fine sands. After finishing saturation, the ring

was removed. The cylinder was further modified into a

standard square-shaped sample with a side length of

49 cm and a height of 27 cm. The shear box was then

installed around the standard sample and gently adjusted

to the centre of the sample.

For lateral soaking mode, a standard square-shaped

sample with a side length of 49 cm and a height of

27 cm was made in the first step before installation

of the shear box and filling of the gap with sieved

medium-fine sands. Afterwards, the soaking ring was

installed around the shear box and water was injected

until saturation occurred.

2. Medium-fine sand filling

Whichever the mode, it was essential to fill the gap

between the shear box and the sample with medium-fine

sands. Before filling, the sands were sieved to remove

large grains to ensure sand uniformity. The 5 mm wide

gap with medium-fine sands was then laid at five levels.

At each level, a long steel knife was used to vibrate and

density the sands before the next level was laid.

3. Soaking mode

According to design for the vertical soaking mode, most

water goes into the sample via the upper surface while

only a very small amount of water takes the channel

between the sample and the soaking ring. For the lateral

soaking mode, water goes into the sample only via the

side surfaces. To do so, certain test settings should be

fulfilled. For the vertical soaking mode, as shown in

Fig. 2, two prevention layers, the bottom layer of

medium-fine sands with a depth of 3–5 cm and the top

layer of non-woven geo-textile, were laid on top of the

sample to prevent potential erosion by injection of water.

Water was injected until the geo-textile was 5 cm beneath

the water surface. For the lateral soaking mode, as shown

in Fig. 2, water level was kept between the top of the

shear box and the top of the sample, with the optimal

level being higher than the top of the shear box around

1 cm. In this way, water could infiltrate into the samples

only via the medium-fine sands until saturation.

Analysis and Discussion of Test Results

Saturating Effect

Two factors, the stable infiltration velocity and water content

after soaking, were used to decide whether the samples were

saturated. The soaking effects with two soaking modes for

seven in-situ samples were listed in Table 2. Sample 1 was

prepared by the lateral soaking mode. It reached a degree of

saturation of 69.7 % after 3 days of continuous soaking. This

level was far from a satisfactory degree of saturation. Con-

sequently the soaking duration was prolonged to 6 days for

sample 2, resulting in an obvious increment of the degree of

saturation to 93.2 % which is close to the laboratory standard

of 95 %. For comparison, three vertical soaking mode

samples, samples 3, 4 and 5, were soaked for 6 days. In the

end they reached a degree of saturation of 96.4, 95.5 and

96.1 % respectively, all of which are higher than 95 % and

that of sample 2. Moreover, sample 6 and 7 were soaked

for 5 days and 7 days, respectively. The results show that the

degree of saturation for sample 6 is 94.4 %, a little lower

than those saturated for 6 days. For sample 7 the degree

of saturation is 95.5 %, basically equal to those saturated

for 6 days.

The analyses of saturating effect show that the loess can

be saturated by both soaking modes as long as samples

undergo enough saturation time. Since loess presents higher

permeability in the vertical direction than in the lateral

direction (Li et al. 2007), it is understandable that the verti-

cal soaking mode samples have higher degree of saturation

than their lateral soaking counterparts within the same

soaking duration considering the water flow direction in

two soaking modes. In-situ samples which are soaked longer

than 5 days by the vertical soaking mode can satisfy the

requirements on the degree of saturation for laboratory tests,

hence shearing parameters obtained by in-situ large scale

shear tests of saturated loess can be compared with those

obtained in the laboratory.

Table 2 Comparison of the two soaking mode effects

Sample

Soaking and

saturating

mode

Soaking

duration

(day)

Water

content

(%)

Degree of

saturation

(%)

1 The lateral

soaking mode

3 24.0 69.7

2 The lateral

soaking mode

6 32.1 93.2

3 The vertical

soaking mode

6 33.2 96.4

4 The vertical

soaking mode

6 32.9 95.5

5 The vertical

soaking mode

6 33.1 96.1

6 The vertical

soaking mode

5 32.5 94.4

7 The vertical

soaking mode

7 32.9 95.5
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Sample Disturbance

The degree of linearity of the strength envelope, together

with the rationality of shear strength parameters, can be

taken as effective back analysis means for evaluating the

degree of sample disturbance. As is known, shear strength

of loess is greatly influenced by water content. So the

stress–strain relationships (Fig. 3) for sample No.3, 4 and 5

with the same soaking time and the closest water contents

were chosen to plot the shear envelope (Fig. 4). Based on the

linear regression equation, cohesion and internal friction

angle were found to be 17.35 kPa and 11.95�, respectively.
The coefficient of correlation is 0.9913 suggesting the effec-

tiveness of the chosen regression method. From this view-

point, the impact of soaking mode on sample disturbance is

not so obvious.

However, according to our experience, loess structure is

prone to collapse after soaking in water. Moreover, exces-

sive pore water pressure within the voids of saturated loess

will rise sharply when external load is applied suddenly, and

result into liquefaction. This understanding was verified on

site. When a piece of the saturated loess is put on one’s palm
and shaken, it easily converts into fluid mud. In the process

of making vertical soaking mode samples, several disturbing

actions such as removal of the soaking ring and further

cutting of samples exist after soaking and saturating. No

matter how cautious we are, it was unavoidable to cause

sample edge disturbance whose typical indications are either

lose of soil or the slumping of a small piece of soil in the

edge, making it very inefficient to make vertical soaking

mode samples. Relatively speaking, lateral soaking mode

can avoid disturbance of saturated loess samples, so tests

with lateral soaking mode can better reveal the true strength

of the saturated loess as long as the samples reach enough

degree of saturation.

Comparison of Shear Strength Parameters

The shear strength envelopes, based on in-situ test results of

samples No. 3, 4 and 5, are shown in Fig. 4. Then the shear

strength parameters for saturated loess were acquired from

the strength envelop. Also in Fig. 4, the results for three in-

situ large scale shear tests of natural loess, as well as repre-

sentative laboratory CU tests of saturated loess, are

presented. Compared with parameters from in-situ large

scale shear tests of the loess masses with natural water

content, cohesion from in-situ large scale shear tests of the

saturated loess masses decreased sharply from 44.65 to

17.35 kPa, while internal friction angle decreased gently

from 14.18� to 11.95�. This demonstrated both cohesion

and internal friction would decrease under soaking

conditions. Compared with the representative parameters

from consolidated quick direct shear tests of saturated

loess, the increase in cohesion and the internal friction

angle from in-situ large scale shear tests of the saturated

loess masses were about 4 kPa and 3�, respectively. This can
be attributed to the fact that the in-situ samples that remained

intact with the parent loess underwent fewer disturbances

than the laboratory samples.

Conclusions

Taking into account in-situ saturation conditions and

structural disturbance requirements, the vertical soaking

mode and the lateral soaking mode of samples were

designed. Together with conventional in-situ large scale

shear test apparatus, two sets of in-situ large scale shear

test apparatus for saturated soil masses were developed.

With the apparatus, seven in-situ large scale shear tests

were carried out on the saturated loess in Heifangtai,

Gansu province. Three in-situ large scale shear tests

done by vertical soaking mode, of which water contents

were close, were chosen to plot the shear envelope. The

following conclusions are made:
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1. Compared with parameters from in-situ large scale

shear tests of the loess masses with natural water

content, cohesion from in-situ large scale shear tests of

the saturated loess samples decreased from 44.65 to

17.35 kPa, while internal friction angle decreased from

14.18� to 11.95�. Compared with parameters from

consolidated quick direct shear tests of the saturated

loess, the increase in cohesion and the internal friction

angle from in-situ large scale shear tests of the saturated

loess masses were about 4 kPa and 3�, respectively.

Therefore in-situ large scale shear tests of saturated

loess masses could obtain more reasonable shear strength

parameters for saturated loess masses, which is very

valuable for stability analyses of water-sensitive loess

slopes and foundations. Hence, it is necessary to carry

out in-situ large scale shear tests of saturated loess

masses.

2. Samples could be saturated by both vertical soaking

mode and lateral soaking mode, demonstrating that it is

workable to carry out in-situ large scale shear tests of

saturated soils. However, with vertical soaking apparatus,

samples were often disturbed leading to inefficient test-

ing. On the contrary, shearing tests with lateral soaking

apparatus could obtain better results for shear strength

parameters of saturated soil masses.

3. To improve current testing method of in-situ shear

strength of saturated soil masses, further detailed studies

were deemed to be necessary. The necessary studies

include work on the uniformity of water distribution in

samples, rate and degree of saturation, evaluation of

structural disturbance of samples and determination of

most suitable permeable material.
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Microstructural Characteristics of Qinyu Landslide
Slip Soil, NW China

Xuemei Jia, Shouyun Liang, and Chenyi Fan

Abstract

Slip zones are closely related to landslides. The microstructural analysis of slip soil has

become one of the important contents on landslide researches. Based on two slip zone

profiles of Qinyu landslide, the microstructural characteristics of slip soil and its geological

implications were studied by the means of scanning electron microscope (SEM). The

results showed that: (1) the microstructures of slip soil are mainly characterized by

flocculated-clotted texture, fine and meso-pores; (2) on the slip zone profile in front of

the main landslide, the closer to the centre of the slip zone, the greater amount of pores, the

narrower and longer shape of pores, as well as the smaller apparent porosity and probability

entropy of pores become. Obviously, the amount of pores is negatively related to apparent

porosity, while probabilistic entropy is positively related to the shape factor; (3) on the slip

zone profile in the upstream side of the secondary landslide, the amount and apparent

porosity of pores are smaller as a whole. In addition, higher orientation, especially, near the

upper slip surface in the profile has revealed the microscopic mechanism that Qinyu

landslide is relative stable on the whole, while the secondary landslide was in a constant

active state.

Keywords

Slip soil � SEM � Microstructures � Geological significance

Introduction

As a historical product of landslide development and evolu-

tion, a slip zone not only records a wealth of geological

information, but also, to a great extent, controls the stability

of landslide. Therefore, research of slip zone is an important

content in stability prediction and prevention of landslide.

On macroscopic scales, slip zones often have brilliant

colours as distinguished from sliding mass and bedrock

(Wen et al. 2004; Shuzui 2001), making field identification

easy. On microscopic scales, slip soil which formed under

certain conditions has certain physical-mechanical

properties (Shi et al. 1995). Through study on the

microstructures of sheared soil, Skempton (1964) suggested

that oriented arrangement of particles was the basic reason

for slip soil producing residual strength. The minerals of

landslide slip soil in the Three Gorges reservoir showed the

microstructural characteristics of oriented arrangement and

of being elongated, which were the main causes of the

friction coefficient and shearing resistance reduction. Rich

micro-pores and micro-fissures result in an increase of the

porosity of slip zones. Once destroyed by shearing, it would

cause high pore water pressure, and thereby become the

important formation mechanism of high-speed landslides
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(Wen et al. 2007). Wen and Aydin (2005) studied the

microstructures of slip soil by OPM and BEM, and then

found that the porosity, flat clay particle content and particle

arrangement were the three key indicators to control

mechanical property of slip soil. Using SEM and XRD,

Yan et al. (2001, 2002) studied the microstructures and

material components of slip soil, and associated them with

the active frequency, phases, and the formation mechanism

of landslide. The stage of landslide stability and instability

could also be judged by scratches and fluidal structures on

slip surfaces. Given the fact that slip soil formed on different

periods and conditions has different microstructural

characteristics, therefore, the research of slip soil

microstructures is an effective way for better understanding

of the mechanisms of landslide formation and evolution

(Zhang et al. 2008; Li et al. 2010).

Taking two typical slip zone profiles of Qinyu landslide

as the research objects, we systematically took samples and

attempted to study the microstructural characteristics of slip

soil by SEM. Moreover, the study is intended to reveal the

evolution information about the landslide development and

evolution.

Samples and Methods

Study Area

Qinyu landslide is located at the south bank ofMingjiang River

in Tangchang Country, Gansu Province of China (Fig. 1). The

National Highway No. 212 (K376 + 475~377 + 617) goes

through the landslide mass. The main outcrop stratums are

Middle Devonian, Lower Permian, Triassic series and Quater-

nary covering layer. The landslide is a multilevel and multi-

phase talus slide controlled and affected by fault, and in

essence it is a large-scale landslide group. The secondary

landslide in the upstream side sustains an active state all the

time, which has severely restricted the normal operation of the

National Highway No. 212 (Chen et al. 2006).

On the slip zone profile Q1 is in leading edge of the main

landslide (N33� 470 0300, E104� 320 1700) and Q2 is in a gulley
close to the highway at secondary landslide along lateral

margin in the upstream (N33� 470 0400, E104� 320 0000)
(Fig. 2, Table 1). We took samples in each layer from the

bottom up and then coded sequentially. The thickness of the

well-exposed slip zone in profile Q1 is 90 cm and in profile

Q2 riches more than 180 cm, but its lower slip surface

doesn’t crop out. Each sample represents a certain sampling

site on the slip zone profile, namely, sample Q1-1 in the

sliding bed, samples Q1-2 ~ Q1-8 and Q2-1 ~ Q2-5 in the

main slip zone, and sample Q1-9 and Q2-6 in the sliding

mass, respectively. In addition, sample Q2-7 represents the

slip zone involved into sliding mass.

Methods

All samples of slip soil were observed under low-vacuum

scanning electron microscopy JSM-5600Lv with a resolution

of 3.5 nm. Apart from direct morphology observation, a

computer image-processing system was used to obtain much

information about microstructures which can’t be observed

with the naked eye, including the number of pores (N), appar-

ent porosity (n), the shape factor (F), the distribution of pore

radius and probability entropy (Hm) (Shi et al. 1995). These

quantitative parameters could properly combine the complex

structural morphology with engineering properties of soil. To

extract and calculate these parameters, a kind of image

processing software, Image J was chosen. The processing

steps included contrast, brightness adjustment, noise removal,

median, filtering and binarization (Fig. 3). In this paper, the

optimum threshold was determined by the method of mini-

mum cumulative difference (Fan and Liang 2012).

As the fact that the force condition of slip soil is different

in the direction perpendicular and parallel to slip surfaces

during the forming process, so does the microstructures, then

all samples were prepared in two directions except for sam-

ple Q1-9 for its loose structure. And then all samples were

observed by SEM, and the magnification of images we took

ranged from 35� to 5,000�. After comparison, we thought

that 800� SEM images could clearly reflect the

characteristics of particle morphology and porosity, and

may be used as the ideal magnification for sample

microstructural parameter extraction. In order to increase

the measuring accuracy, three 800� SEM images were

selected and then the average in each sample was taken.

Fig. 1 The satellite image of Qinyu landslide
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Fig. 2 The photos of sampling

locations of Qinyu landslide slip

soil. (a) Profile Q1; (b) Profile Q2

Table 1 Basic feature of samples

No.

Location

(cm) Characteristics No.

Location

(cm) Characteristics

Q1-9 80–90 Yellow angular pebbles soil containing limestone Q1-1 0–10 Yellow gravelly soil

Q1-8 80–90 Q2-7 170–180 Black clay mixed into slip body

Q1-7 60–70 Black breccia-clay Q2-6 140–150 Yellow gravelly soil close to the

upper sliding surface

Q1-6 50–60 Yellow and red breccia silty clay interbedded with grey clay Q2-5 130–140 Black breccia-clay (main slip zone)

Q1-5 40–50 Q2-4 100–110

Q1-4 30–40 Black breccia-clay Q2-3 80–90

Q1-3 20–30 Grey and black breccia-clay Q2-2 50–60

Q1-2 10–20 Black breccia-clay close to the lower sliding surface Q2-1 20–30

Fig. 3 SEM images of slip soil

(a) The origin SEM image;

(b) the binary SEM image. The

white represent particles, while

the black represent pores
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Results

The Characteristics of Microscopic Structure
Morphology

In this paper, H and V represent the horizontal and vertical

directions (that is parallel and perpendicular) to slip surfaces

respectively. The sample in sliding bed shows pore undevel-

oped and better cementation in directions H than V. The

microscopic structures of slip soil have been collapsed obvi-

ously, presenting flocculated structure. For profile Q1, curly

and schistic clay minerals widely exist on the surface of slip

soil, which makes grain boundary blurry. Additional micro-

pores are in large quantities. Roughly speaking, the orienta-

tion of pores is better in direction V than H, presenting fluid

state. Sample Q1-9 in sliding mass shows macro-porous

stents and semi-cementation structure characterized by

loose deposition of framework grains, developed macro-

pores and good connectivity, and additional calcium deposi-

tion on particle surface.

The slip soil of profile Q2 is also a flocculated structure.

But it has suffered more intense shear deformation as well as

compressed and crumpled. Overall there’s no obvious dif-

ference in the two directions. Within the main slip zone,

reticulate structure with poor orientation is observed. Up to

the upper slip surface, micro-fractures increase and orient in

directions nearly parallel to the surface. The microstructures

of sample Q2-6 in the sliding mass is similar to slip soil, and

secondary leached pores can be seen within it.

The Characteristics of Pores

Amount and Apparent Porosity

For profile Q1, apart from sample Q1-1 and Q1-5, amount of

pores in direction H was greater than in direction V (Fig. 4a).
From the bottom up, the amount of pores firstly increases

and then decreases, and the maximal value appeared in the

middle of slip zone (Q1-6). On the whole, apparent porosity

was more in direction V than in direction H and increased

gradually from the middle of slip zone to both sides

(Fig. 4b). In direction V, the minimum value appeared at

the centre of slip zone (Q1-5). While in direction H, the

maximum value appeared at the side of sample Q1-5. Sam-

ple Q1-9 in sliding mass with value of 39 % obtained the

maximum of apparent porosity in two directions.

For profile Q2, apart from sample Q2-3 and Q2-4, the

amount of pores in direction V was greater than in direction

H as a whole (Fig. 4c). Compared with the slip zone, the

amount of pores in the sliding mass (Q2-6) was much greater

(Fig. 4d). In brief, overall apparent porosity, as well as

amount of pores was much smaller than that of samples in

profile Q1.

Pore-size Distributions

As mentioned earlier, the number of pores is the maximum

at the centre of slip zone, where apparent porosity reaches

the minimum. To reveal the underlying mechanism, we

analysed the characteristics of pore-size distribution of slip

soil and found that micro-spores account for about

70 ~ 80 % of all pore types, while the area rate is very

low, about 10 ~ 20 %. According to the dividing criterion

of pore types (Lei 1987), the slip soil of Qinyu landslide is

mainly predominated by fine and meso-pores. Meanwhile, it

illustrates the concept that microstructural changes of slip

soil are mainly of soil skeleton and particle breakage in the

course of shear deformation. Macro-pores decrease and

micro-pores increase owing to fine particles filling, as a

result, the total number of pores increase and the area rate

decrease. Therefore, there is a negative correlation between

the quantity and apparent porosity.

Pore types have effects on soil engineering quality. On

the one hand, though the quantity of macro-pores is very

low, while the proportion of area is much greater than micro-

pores and the influence on soil properties can’t be ignored.

On the other hand, the effects on soil properties created by

micro-pores are still limited, while the influences on pore

arrangement characteristics are notable. So when calculating

pore parameters of the shape factor and probability entropy

in this paper, micro-pores were eliminated.

The Shape Factor and Probability Entropy

The shape factor of pores of samples in profile Q1 shows

FH > FV (Fig. 5a), that shows the shape of pores in direction

H is rounder than V. Within the main slip zone, the shape

factor of pores is relatively small, and then increases in both

sides. The value of sample Q1-4 is the minimum in both

directions, i.e. 0.55 and 0.57 in H and V directions, respec-

tively. It is indicated that the shape of pores within the main

slip zone is more irregular than the slip surface and sliding

mass.

Similar to the shape factor, probability entropy shows

HmH > HmV (Fig. 5b), which means that the ordination of

pores in direction H is poorer than V. In direction H, proba-

bility entropy varies from 0.95 to 0.98, nearly 1, almost

round shape. However, probability entropy shows large var-

iation range in the V direction. Overall samples within the

main slip zone have a higher pore ordination than in the slip
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surfaces, sliding mass and sliding bed, which reflects that a

remarkably positive correlation exists between probability

entropy and the shape factor.

For profile Q2, the shape factor of sample Q2-1 ~ Q2-4

within the main slip zone increases in direction H, and then

decreases slightly on sample Q2-5 and Q2-6 located near the

slip surfaces, to the values of 0.59–0.60 (Fig. 5c). In direc-

tion V, the values of shape factor are very close to each

other, representing the serrated distribution, except for sam-

ple Q2-7H in the sliding mass with the maximum value of

0.69.

Apart from sample Q2-1, probability entropy values of

other samples have the same trend in both directions

(Fig. 5d). Pore directionality of samples within the main

slip zone is higher than sliding mass. Especially, probability

entropy of sample Q2-5 close to the upper slip surface shows

the highest orientation.

Compared to profile Q1, pores of samples in profile Q2

are characterized by smaller shape factor, more irregular and

higher orientation. As mentioned, the difference of

microstructural characteristics may reflect the landslide

activity and situation (Yan et al. 2001, 2002). Almost no

orientation and disorderly growth of samples on profile Q1

indicates that the slip zone reaches to a stable state. How-

ever, samples on profile Q2 with better pore orientation,

especially sample Q2-5 close to the upper slip surface,

prove that the slip zone has suffered great shear deformation

and been in an active state.

Fig. 4 Curves of pore numbers (a, c) and apparent porosity (b, d) of samples along the profile of Q1 and Q2 in the direction parallel (H) and

perpendicular to the sliding surface (V), respectively
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Conclusions

1. The microstructure morphology features observed by

SEM show that the slip soil is mainly predominated by

flocculated structure, representing blurry particle bound-

ary, abundant of curly and schistic clay minerals and

developed microspores.

2. Microscopic pore characteristics of slip soil are

dominated by fine and meso-pores. For profile Q1, the

closer to the centre of the slip zone, the greater the

amount of pores, the narrower and longer shape of

pores, as well as the smaller apparent porosity and proba-

bility entropy of pores become. Namely, amount of pores

is negatively correlated with apparent porosity, while the

shape factor of pores is positively correlated with proba-

bility entropy. For profile Q2, the regularity of pores of

samples is not as strong as that of profile Q1. Overall

amount of pores and apparent porosity are smaller than

profile Q1. But the orientation of pores becomes better,

especially in the upper slip surface.

3. The microstructural parameters of pores have not obvious

differences in two directions. Relatively speaking, the

direction V is more sensitive to the shape factor and

probability entropy. So sample preparation should con-

sider to choose the direction V (perpendicular to the slip

surface) in assessing pore ordination.

4. The differences of microstructural characteristics, to

some extent, reflect the shear deformation of slip zone

and landslide stability on different profiles. The disor-

dered structure of slip zone of profile Q1 indicates that

the main landslide is relatively stable. However,

according to high directive property, especially near the

upper slip surface of profile Q2, we can deduce that the

slip zone of profile Q2 is greatly influenced by constantly

active shear deformation, corresponding to the secondary

landslide in an active state.

Fig. 5 Curves of the shape factor (a, c) and probability entropy (b, d) of samples along the profile of Q1 and Q2 in the direction parallel (H) and

perpendicular to the sliding surface (V), respectively
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An In-situ Darcy Method for Measuring Soil
Permeability of Shallow Vadose Zone

Pingping Sun, Maosheng Zhang, Lifeng Zhu, Ying Pei, and Xiujuan Cheng

Abstract

This paper presents an in-situ Darcy test for measuring permeability of soil in shallow

vadose zone. The equipments of the test was designed based on the theory of classic Darcy
Test comprising water infiltration system, water supply system and measuring system.

During the experiment, the soil was submerged by water with constant head maintained by

a Marriott tube. Volume of water consumed and the corresponding water head in a time

series were recorded when the soil was saturated. Then soil permeability was obtained

using the Darcy’s law. Three groups of the in-situ Darcy tests were conducted at the loess

plateau in north western China, and average values of permeability were obtained to range

from 0.84 to 2.22 m/d. It is shown that the original structures of soil can be well considered

with the in-situ test compared to the classic in-door Darcy Test. Furthermore, the data

record was more intuitive and the operations are easier compared to the other in-situ tests to

measure the soil permeability.

Keywords

In-situ Darcy test � Permeability � Pressure head � Scale effect

Introduction

Water is one of the major triggering factors for landslide

occurrences. It behaves more obviously in loess-distributed

area for its intensive water sensitivity (Zhang et al. 2012).

Quantitative assessment of infiltration is an important issue

when analyzing loess slope stability. Soil permeability in

shallow vadose zone is a key parameter affecting infiltration.

Henry Darcy introduced permeability parameter in 1856. It

is an important parameter in hydrology for quantitative

calculations; it’s also a significant basis when analyzing

various hydrological processes quantitatively (Bear 1972).

Then, series of classic calculating methods for aquifer per-

meability based on pumping (injection) test were developed

(Dupuit 1963; Thiem 1906; Theis 1935; Jacob 1940). There

are also several methods evaluating soil permeability in

vadose zone.

In the field, double and single ring infiltration test are

widely used (Gregory et al. 2005; Lai and Ren 2007; ASTM

2001; Bagarello et al. 2009). In these methods, the tested

results change with a variation in water head (Schiff 1953).

Stand-pipe methods are usually used to measure the infiltra-

tion rate of sediments in stream beds (Chen 2000). However,

only infiltration rates can be obtained with the above three

methods without accurately measuring the hydraulic gradi-

ent. Permeability is usually derived assuming the value of

hydraulic gradient of 1.0 (Sammis et al. 1982; Stephens and

Knowlton 1986; Healy and Mills 1991; Nimmo et al. 1994).

However, some errors can result with this assumption only

when the tested soil is below the zone of fluctuations related

to climate, in uniform or thickly layered porous media
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(Gardner 1964; Childs 1969; Chong et al. 1981; Sisson

1987); hence, it is not suitable for the soil in shallow vadose

zone. Permeability can also be obtained through measuring

air-entry pressure with air entry permeameter (Bouwer

1996). However, it is not widely used because air-entry

pressure is relatively hard to measure. In addition, several

indirect methods can be used to attain permeability, such as

empirical formula based on grain-size analysis (Uma et al.

1989; Vukovic and Soro 1992; Kasenow 2002; Song et al.

2009; Thomas and Peter 2011), numerical and analytical

calculations (Chen and Lee 1964; Wu et al. 1997; Li et al.

2009). Nevertheless, accuracy of results from empirical for-

mula is affected by uncertainties of parameters chosen. Cal-

culation process is complicated and multi solutions usually

occur when using numerical methods.

In laboratory, Darcy Test is a classic method for measur-

ing permeability. However, considerable uncertainties can

result from the process of sampling, packaging, transporta-

tion and sample preparation. Once the samples are disturbed,

it is hard or impossible to restore the natural state, especially

for the structural soil (Bagarello et al. 2009; Bouma 1982).

Moreover, results tested with small size samples are not

representative.

Field tests have advantages of well consideration of

structures of soil as well as spatial variation in permeability.

Darcy Test is a classic laboratory method wildly used with

reliable accuracy. If the classic Darcy Test can be improved

to conduct in field, accurate and direct measurement of soil

permeability in shallow vadose zone can be achieved. Based

on the above analysis, a set of equipments for in-situ Darcy

test was designed in accordance with the theory of Darcy

Test. Three designed in-situ Darcy tests were conducted at

the loess plateau in north western China. Permeability of

loess in the nearby area was also measured with double-ring

infiltration, indoor Darcy Test, grain-size analysis and

pumping test. The differences of permeability among vari-

ous methods were analyzed. The possible reasons for the

differences are discussed.

In-situ Darcy Test Description

Principle of in-situ Darcy test is totally based on the classic

Darcy Test. It is a transformation of Darcy Test from labo-

ratory to field. During the Darcy test, test conditions include

homogeneous samples, constant water head, and stable

physical property of fluid with negligible viscosity and lam-

inar flow. During the in-situ Darcy test, permeability can be

obtained only when its test conditions are in accordance with

the above mentioned conditions. In addition, two key factors

are of great importance regarding the in-situ test. They are

(1) saturated samples with air exhausted and (2) hydraulic

gradient measurement.

Equipments Design

Equipments of the in-situ Darcy test were designed as shown

in Fig. 1. It contains three systems—infiltration system,

water supply system and measuring system.

A single ring is the main component of the infiltration

system. It is a steel column with a length of 100 cm, and a

diameter of 32 cm. Two vertically distributed circular holes

(diameter of 9 mm) were designed to install filter tubes

measuring water head, at a vertical distance of 10 cm.

Marriott tube act as water supply system used to supply

water, maintain constant water head over samples as well

as record water consumption volume. The volume of the

Marriott tube is 15 l, with 1 cm decrease indicating the

consumption of 151.975 m3 of water. The measuring system

contains filter tubes, piezometers and reading plate. The

filter tube is made from plexiglass with length and diameter

of 20 and 8 mm, respectively. Seepage holes are distributed

at front 9 cm of the tube. The piezometers (Geonor M-600)

used to measure water head are produced by GEONOR

Company in Norway. The piezometer has a length of

20 cm and a diameter of 3 cm. The accuracy and resolution

of the piezometers are 10 cm and 5 mm, respectively. The

reading plate is used to record water head at different depth

of the tested samples. In addition, rubber tube, shovels,

wooden hammer, water containers, stopwatch, thermometer,

sample boxes, PH test strips, glass cement are supplemen-

tary instruments.

Test Procedure

The two piezometers (No. 16710 and 16810) needed to be

calibrated before the test. During calibration, both of the

piezometers were submerged in water until the porous stones

were saturated. Then data were recorded when the water

head above the porous stones were 30, 25, 20, 15 and

10 cm (Fig. 2).

Figure 2 shows that the piezometer recorded data is

negatively proportional to water head. The fitted curves for

Fig. 1 Schematic of the apparatus for in-situ Darcy test
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the change in piezometer recorded data with water head fit

well for the calibrated points. The fitted formulae of the two

piezometers obtained from Fig. 2 are as follows:

y ¼ �0:8776xþ 1916:1 ð1Þ
y ¼ �0:9184xþ 1932:7 ð2Þ

Where, y and x denote the pizometer recorded data and

hydraulic head, respectively.

The test procedure comprises the following steps:

1. Sample preparation: the sample is prepared with mini-

mum disturbance before installation of the single ring.

The interior chamber wall of the single ring is covered

with silicone sealant for easy installation as well as good

connection between samples and the single ring. The

upper surface of the sample is covered with a layer of

sand (thickness of 3 cm) to avoid disturbance of the

sample surface during process of water filling.

2. Filter tubes and piezometer installation: tiny holes were

drilled before installation to reduce sample disturbance.

The connections between the tubes and the ring were

sealed avoiding water leakage. Rubber was used to con-

nect reading plate and filter tubes.

3. Water filling: Marriott tubes were used to fill the single

ring with water and maintain constant water head over the

tested samples.

4. Data recording: data were recorded for water consump-

tion per unit time and water head changes less after long-

term submersion of the sample.

5. Water content measurement: water contents of the

samples were measured after each in-situ test.

Application Examples

In this section, the in-situ Darcy Test, introduced above,

will be used to test loess permeability in shallow vadose

zone at Heifangtai, Yongjing county, Gansu province, North

western China (Fig. 3). In the study area, large numbers of

loess landslides have been triggered for a long-term irriga-

tion since 1963. To mitigate landslides risk and meet water

demand for agriculture, it is necessary to quantitatively

assess infiltration of irrigation water, in which permeability

is a key parameter.

Three sets of in-situ Darcy Test (numbered C1, C2 and

C3) were conducted in an abandoned farmland in May,

2010. The three testing sites are close to each other,

separated by less than 2 m; and the tested loess samples are

windblown deposit (Q3
eol) with intensive vertical fractures.

To exclude root effect on accuracy of permeability measure-

ment, the upper 50 cm layer of loess was excavated. The

tested samples in the in-situ Darcy Test are 32 cm diameter

cylinders with a height of 20 cm. As comparative tests,

double-ring and pumping tests were also conducted. During

the tests, ground temperature was around 10 �C, and the

water used was with a temperature of 12.4 �C and a PH

value of 7.0. After the in-situ tests, undisturbed loess

samples near the tested sites were collected to conduct the

Darcy Test and grain-size analysis in laboratory.

Data Analysis

In the in-situ tests, hydraulic gradient was calculated with

data recorded by filter tubes and piezometers, respectively,

and permeability was calculated according to Darcy’s law

(Table 1). The averaged values of loess permeability based

on data recorded by filter tubes and piezometers are 0.84 and

2.22 m/d, respectively. This difference can be attributed to

the difference in positions of installation for the filter tubes

and the piezometers. The filter tubes were installed in the

middle of the samples, whereas, the piezometers were

installed at the bottom as shown in Fig. 1.

Figure 4 is the grain-size distribution of loess based on

which parameters d10, d17, d20 and d60 were obtained. d10,

d17, d20 and d60 are grain sizes corresponding to the percent-
age finer values of 10, 17, 20 and 60, respectively in Fig. 4.

Parameters of n, η and φ(n) are used to estimate permeability
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with empirical formulas (Song et al. 2009). Here, η denotes

the ratio of d60 to d10, n is porosity calculated with Eq. (3)

(Vukovic and Soro 1992; Kasenow 2002). φ(n) is a defined
parameter based on the changed values with different

methods (Table 2). Using a corrected dimensionless coeffi-

cient C (Song et al. 2009), three equations developed by

Hazen, USBR and Sauerbrei were used to calculate perme-

ability and the results are listed in Table 3.

Permeability was 0.45 m/d when assumed value of

hydraulic gradient was 1.0 based on double-ring infiltration

test. Permeability was 2.32 � 10�2 m/d when pumping test

was conducted in the aquifer at depth of 24 m below ground

surface. However, the permeability was 5.96 � 10�4 m/d

when tested with indoor Darcy Test. Permeability tested

with the in-situ Darcy test were then compared to the results

measured with the other methods (Table 3).

n ¼ �0:255 1þ 0:83ηð Þ ð3Þ

Table 3 shows that the tested results based on in-situ

Darcy test is close to the values tested with double-ring

infiltration test and grain-size analysis, while differs a lot

from the results of pumping test and indoor Darcy Test. The

difference can be attributed to various factors such as

sample-size effects, spatial or direction variation in perme-

ability, and sample disturbance. During the double-ring infil-

tration test, grain-size analysis, and indoor Darcy Test,
samples were obtained from shallow vadose zone with

smaller size, and the results indicated vertical permeability.

Results of pumping test denoted horizontal permeability of

an aquifer at a deep depth.

Compared with the double-ring infiltration tests, hydrau-

lic gradient can be directly obtained (instead of assumption)

in the in-situ Darcy test. Compared with three different

calculations with grain-size analysis, it differed from the

results of Hazen method, while close to the results of

USBR and Sauerbrei method, which fit well with the

calculations of Song et al. (2009). More than ten samples

tested from six sites along Elkhorn River at Nebraska by

Song et al. (2009), the results showed that the results from

USBR and Sauerbrei method had a better resolution com-

pared to Hazen’s method. Compared with the horizontal

permeability based on pumping tests, vertical permeability

measured with the in-situ Darcy test is 10–100 times of it.

This comparison coincides well with the results of Zhang

et al. (1996), in which he stated that vertical permeability of

loess is approximately 100 times of the horizontal one

because of the well-developed vertical fracture in loess.

Permeability with the in-situ Darcy Test is about 1,000

times of that with the indoorDarcy Test. The possible reason
for this large difference is significant disturbance of sample

structures during the process of sampling and transportation.

Discussion

All the test conditions of the indoor Darcy Test were

satisfied in the in-situ Darcy test. Therefore, the design is

reasonable:

1. Saturated samples: samples in the in-situ Darcy test were

submerged in the single ring with a semi-infinite space at

the bottom. They can be exhausted after a long-time

vertical infiltration. All the samples were soaked over

10 days during the three groups of tests. After each test,

average water contents at the lower part of the samples

were measured to be 37.19, 33.23 and 30.57 %, respec-

tively, which can be regarded as saturated loess (Xu and

Zhang 1991).

2. Constant water head over samples: Marriott tube used in

the in-situ Darcy test guarantees the constant water head

condition.

3. Laminar water flow: samples used in the indoor Darcy
Test are homogeneous sand. In the in-situ Darcy test,

samples used are loess with intensive vertical structures,

which makes the vertical permeability much bigger than

the horizontal ones. However, the single ring used in the

test guarantees vertical flow in loess samples which can

be regarded as laminar flow, satisfying the Reynolds

number less than 10.

In addition, scale effect is another key issue affecting

accuracy of the in-situ Darcy Test. Permeability is a param-

eter indicating how permeable the porous media is, which is

Table 1 Recorded data with in-situ Darcy test

Sample I1 I2

V
m/d

K1

m/d

K2

m/d

C1 4.48 0.60 2.14 0.48 3.58

C2 3.07 1.63 2.30 0.75 1.41

C3 1.70 1.33 2.21 1.30 1.66

Note: I1 and K1 are hydraulic gradient and permeability measured with

filter tubes and I2 and K2 are hydraulic gradient and permeability

measured with piezometers. V is infiltration rate

n=-0.255(1+0.83η) (3)
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influenced by scale-size of samples and the measurement

error (Chowdary et al. 2006). In the future work, it is neces-

sary to study the relationship between permeability and scale

effect with the in-situ Darcy Test, and the following research

contents can be included: effect of different water head over

samples during the test; effect of different diameters of the

single ring to test results; different intervals of water head

measurement; time of sample immersion.

Conclusion

A set of equipment for the in-situ Darcy test was designed

according to the theory of indoor Darcy Test. The test

conditions of saturated sample, constant water head and

laminar flow in the indoor Darcy Test were all satisfied in

the in-situ test. A comparative analysis showed that the

designed in-situ Darcy Test is preferable for permeability

measurement of structural soil. In addition, it has

advantages of simple devices, easy operation, and intuitive

data record. Three sets of the in-situ Darcy Tests were

conducted in north western China, with which permeability

was obtained for loess in the shallow vadose zone. The

obtained permeability is an essential parameter for land-

slide riskmitigation in the long-term irrigated area. Finally,

through the analysis of key issues in the in-situ Darcy Test,

it is found that the scale effect on the test results should be

studied in the future works. These effects include the dif-

ferent water head effect, different ring diameters, hydraulic

head measurement interval, and soil degree of saturation.
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Dupuit J (1963) Estudes Thèoriques et Pratiques sur le mouvement

des Eaux dans les canaux dècouverts et à travers les terrains
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Discussion on Assessment in the Collapse of
Loess: A Case Study of the Heifangtai Terrace,
Gansu, China

Pingping Sun, Maosheng Zhang, Lifeng Zhu, Qiang Xue, and Wei Hu

Abstract

Collapsibility is a unique feature of loess. Besides foundation deformation and subsurface

erosion, slope failures can also be resulted from the collapse of loess. Based on analysis of

the collapse of loess at the Heifangtai terrace, Gansu, China, a notable difference between

the theoretically calculated and actual values of collapse were observed. The theoretical

value was less than 50 % of the actual one. Based on this difference, the assessment of the

collapse of loess, including definition of collapsible loess and calculation of the collapse are

discussed. It is found that collapsible loess is a kind of typical unsaturated soil. Therefore,

water content and types of structures were essential factors affecting the collapsibility of

loess. Assessment of the collapse of loess, from why collapse to how collapse, can be

achieved by applying parameters representing both water content and types of structure,

using the theory of unsaturated soil mechanics.

Keywords

Loess � Collapsibility of loess � Irrigation � Groundwater

Introduction

Loess is a kind of sediment with special physical and

mechanical property which is widely distributed in the

world (Sun 2005). It covers an area of at least

640,000 km2, that is, approximately 6.6 % of the total land

area in China, of which three-quarters is collapsible loess

(Luo 1998). Loess, especially the collapsible loess, is highly

porous sediment which can sustain nearly vertical slopes

when dry but subject to catastrophic failure on reaching

certain critical moisture contents (Derbyshire et al. 1997,

1999). Collapse of building foundations in collapsible loess

distributed area and consequent cracking of walls is com-

mon, and has affected a number of cultural heritage sites

(Derbyshire et al. 1997).

Research on the collapse of loess has been conducted by

scientists who focus on the engineering properties of loess

for more than half a century. From the view of interpreting

the reason of the collapse of loess, theories pertinent to

hypotheses on soluble salts (Muxart et al. 1995), colloid

deficiency and capillary effect (Dudley 1970), under-

consolidation of soil and structural effect (Zhang 1964,

Zhang et al. 1985; Lei 1987; Gao 1980; Locat 1995), and

mechanics of loess (Liu 1997; Chen and Liu 1986; Fredlund

et al. 1995) have been proposed. To deal with the practical

problems related with the distinctive behaviour of loess, four

national standards have been issued in China from 1966 to

2004, where engineering zonation and classifications have

been developed for use in regional planning. In the latest one

(GB 50025–2004), issues related with types and definition of

collapsible loess, and foundation treatments have been

improved, with which the engineering projects in collapsible

loess distributed areas have been well guided.
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However, most of the previous studies are descriptions of

the collapse phenomenon in loess based on the theory of

saturated soil. In fact, the collapse of loess in saturated soil is

just a special case. It usually occurs at different depth of soil

with various water contents (Xie 1999). From the unsatu-

rated soil point of view, Barden et al. (1969) conducted the

collapse test of consolidated soil under unsaturated and

constant suction condition. Tang (2003) believes that both

the synthetic effect of microstructure and uneven suction

contribute to the collapse. Yuan et al. (2007) hold the

opinion that the collapse of loess is resulted from the

decrease of suction stress. Xu and Dai (2009), Xu et al.

(2009) introduced a generalized definition of the collapsible

loess from the view of unsaturated soil. The theoretical

understanding of the collapse of loess is more close to reality

from the view of unsaturated soil mechanics theory. How-

ever, related studies are usually constrained from the test

conditions with complex stress states, which results in great

differences between the theoretical and actual values. The

Heifangtai terrace was taken as an example in this paper to

draw attentions of the related researchers. In this site, the

actual value of collapse was more than 5.96 m while a

calculated value of collapse is 2.8 m. The related problems

when assessing collapsibility of loess were also discussed.

Typical Case Study for the Collapse of Loess

Background of the Study Area

The Heifangtai terrace is located 42 km west of Lanzhou city

in Yongjing County, Gansu province, North-West China.

The landform comprises windblown loess deposits (Upper

Pleistocene), overlying the fourth terrace of the Yellow

River, presently forming steep, high cliffs along the river

corridor. This used to be an isolated loess platform with a

very limited groundwater flow regime. However, following

the construction of a major reservoir in 1963, people were

resettled onto the platform. In support of this resettlement,

most parts of the terrace levels have been reclaimed as

farmland with extensive irrigation taking place since 1968.

There are usually five stages of irrigation per year at the

Heifangtai platform. The first stage occurs in spring from

March to May, the last one occurs in winter from November

to December, and the other three stages occur between

spring and winter. In the 1980s, the total irrigation volume

was 7.22 million m3 per year (about 0.90 m3 per square

meter). In the 1990s, this changed into 5.76 million m3 per

year (0.64 m3 per square meter). More recently, the total

irrigation volume is 5.90 million m3 per year (0.84 m3 per

square meter).

Due to the macro-porous fabric of the aeolian loess,

widespread soil collapse occurred following the irrigation.

In turn, this resulted in large areas of farmland becoming

discarded, most irrigation pipes being destroyed, and the

dwellings requiring repair once every 3 or 4 years.

Landslides along the plateau edges are also aggravated

with the development of the cracks resulting from uneven

settlement of the terrace surface.

Actual Value of the Collapse

The phenomenon of conversions of four subsurface cisterns

into water tower (Fig. 1) aroused the authors’ interest to

research on the collapse of loess in the Heifangtai terrace.

All the four subsurface cisterns were built at the time of

construction in 1968, to meet the need of domestic water

supply. Consolidation, tamping, and structural reinforce-

ment were conducted as remedial measures to eliminate

collapsibility of loess in the foundation layer. While tremen-

dous collapse occurred to the circumjacent loess of the

cisterns. Let us take the No. 1 cistern as an example. It is a

cistern with a depth of 9 m, which is built with the top level

with the ground surface. However, this top level is now

3.5 m higher than the ground surface due to collapse of the

surrounding loess deposits (Fig. 2). This shows that for the

top 9 m some 40 % of the original volume has been lost. The

other three cisterns (No. 2, 3 and 4) are now in similar

situation.

Based on the comparison of topographic maps between

1977 and 1997, obvious differences for the surface

elevations at different years were also observed (Fig. 3).

The maximum difference for the surface elevation is

5.96 m, with an average difference of 3 m. It shows that

the maximum value of land settlement is 5.96 m in the past

20 years. These observations are much greater than the

calculations of the collapse of loess in the previous work.

The triggering factors for loess collapse are an increase of

groundwater level and infiltration of irrigation water. Based

on the tested changes of coefficient of collapsibility with

depth (Fig. 4), it shows that the loess layer at the Heifangtai

terrace can be divided into four parts on the basis of different

mechanism of collapse. Collapse induced by irrigation water

occurs between depths of 0–12 m, where the coefficient of

collapsibility for loess in the irrigation district differs a lot

The original
ground surfaceNo.1

No.2

No.3

No.4

Fig. 1 Location of the water tower

196 P. Sun et al.



from that in the non-irrigation district. There is no obvious

collapse between depths of 12–22 m, where the coefficients

are similar in both districts. Collapse induced by capillary

water occurs between depths of 22–25 m, and the base of the

loess, between 25 and 45 m, is saturated and collapsibility

potential can be neglected.

Theoretical Value of the Collapse

The collapse of loess at the study area was self-weight

collapse without applied load because most parts of the

terrace level have been reclaimed as farmland since 1968.

Wells with depth of 15 m were explored in the irrigation and

non-irrigation districts. Fifteen samples were collected in

each well, with one sample per meter to test the collapsibility

of loess, and the averaged values were listed in Table 1.

Table 1 shows that there is still large collapse potential

for loess in the upper 15 m, especially for the loess in non-

irrigation district. The average value of the coefficient of

collapsibility for loess in the irrigation district is 0.0443,

indicating a high potential for collapse, even though it has

experienced irrigation for more than 40 years. Based on the

information from surrounding wells, loess layer thickness

across the irrigation district is approximately 45 m where

collapsibility for saturated loess in the lower 20 m is negli-

gible. However, loess layer thickness across the non-

irrigation district is 50 m. According to the guide of national

standard in China (GB50025-2004), self-weight collapse of

loess both in irrigation and non-irrigation districts were

calculated with the layer-wise summation method. Assum-

ing that the loess at depth from 0 to 50 m is collapsible, the

calculated values of total self-weight collapse in irrigation

and non-irrigation districts were 1.68 and 4.48 m, respec-

tively. That is, the collapse of loess in the irrigation district

was 2.8 m, which is less than 50 % of the actual collapse of

loess.

Discussion on Assessment of Loess
Collapsibility

Calculation of the Collapse

The recommended formula in the national standard

(GB50025-2004) are based on the mechanism of saturated

soil, without considering some essential factors affecting

collapsibility of loess, such as changes of water content

with depth under long-time irrigation condition, content

changes of soluble salts, variations in microstructures of

loess, and stress redistribution in loess. In addition, most of

the methods testing collapsibility of loess in laboratory are

based on lateral confinement condition, which cannot reflect

the natural state of the collapse of loess under variable

confinement conditions. Multiple factors contribute to the

great difference between calculated and actual values of

collapse.

Fig. 3 Comparison of topographic maps between 1977 and 1997
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Definition of the Collapsible Loess

According to the national standard (GB50025-2004), when

the tested value of coefficient of collapsibility under some

applied load is more than 0.015, it is defined as collapsible

loess; otherwise it is defined as non-collapsible loess. This

definition is suitable for loess-distributed area with small-

thickness loess. However, for loess with large thickness, the

collapse of loess is still not negligible even when the

coefficient of collapsibility is less than 0.015 because the

value of collapse from accumulation layer by layer is con-

siderable. If the collapsibility of loess with small coefficient

is overlooked in practice, tremendous negative effect on

stability of buildings will occur.

Further Research Based on the Unsaturated Soil
Mechanics Theory

Loess is typical unsaturated soil. Yuan et al. (2007) holds the

opinion that the contribution of suction to structure strength

is significant, who believes that the collapse of loess is owing

to the strength decrease during the process of suction varia-

tion. Zhu and Chen (2008) also believes that collapse occur

as a result of suction reduction under soaking and applied-

load conditions. Based on the above description, one can

conclude that water content and types of structures were

essential factors affecting the collapsibility of loess. The

nature of the collapse of loess can be interpreted applying

parameters representing both water content and types of

structure. Lu et al. (2010) introduced a parameter

representing effective stress in unsaturated soil, which is a

combination of water content and structures. With the

advanced equipment such as TRIM introduced by Lu et al.

(2010) and the combined parameter, assessment of the col-

lapse of loess from why collapse to how collapse may be

achieved.

Conclusion

1. The collapse of loess induced by long-time irrigation in

the Heifangtai terrace is much greater than empirical

values of previous work. The maximum value of collapse

is more than 5.9 m, which is two times the calculated

value. This fact indicates that assessment of the collapse

of loess based on the traditional mechanism of saturated

soil cannot satisfy the demands in current engineering.

2. For loess layers with large thickness, the collapse resulted

from the loess with coefficient of collapsibility less than

0.015 cannot be negligible.

3. Loess is typical unsaturated soil, and water content and

types of structures were essential factors affecting the

collapsibility of loess.

4. Tests under complex stress state with advanced

equipments are the future trend for studying the mecha-

nism of the collapse of loess.
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Quantitative Deformation Analysis of Landslides
Based on Multi-period DEM Data

Qiang Xue, Maosheng Zhang, Lifeng Zhu, Xiujuan Cheng, Ying Pei,
and Junbo Bi

Abstract

Quantitative deformation analysis of landslides is a difficult problem in landslide study.

The quantitative deformation analysis model of landslide based on multi-period DEM data

is established by ArcGIS using four periods of topographic maps obtained in 1977, 1997,

2001, and 2010, in order to reveal the processes of landslide evolution in the Heifangtai

Irrigation Area. The deformation amount and deformation rate were calculated in stages for

32 landslides along the margins of Heifangtai platform in Yongjing, Gansu Province. The

mean retrograde eroding velocity of landslide scarp was 4.47 m/a from 1977 to 1997,

3.46 m/a from 1997 to 2001, and 1.10 m/a from 2001 to 2010. At the same time, the

relational formula between irrigation amount and landslide deformation amount was

established, and the landslide evolution tendencies were predicted. The calculation results

show that the average retrograde distance of the landslide scarps will be 0.79 m by 2015 and

can be reduced to 0.20 m by 2020.

Keywords

Heifangtai platform � Landslide � DEM � Deformation analysis

Introduction

Most of the past landslide deformation analyses were made

by dynamic monitoring such as GPS ground surface dis-

placement monitoring, interferometric synthetic aperture

radar (InSAR) monitoring, and deep-seated displacement

monitoring, etc. Dynamic monitoring is advantageous due

to relatively high accuracy, but it is expensive, and very

difficult to achieve large area continuous monitoring. More-

over, landslide monitoring data accumulated so far is scarce,

which affects comprehensive revelation of occurrence,

dynamic processes and tendencies of landslides over large

scale. With development of geographic information system

(GIS), geoanalysis based on Digital Elevation Model (DEM)

has been increasingly popular (Kawabata and Bandibas

2009; Casalbore et al. 2011; Iwahashi et al. 2012). Guido

Ventura et al. (2011) proposed a method of landslide evolu-

tion analysis by using multi-period light detection and rang-

ing (LiDAR) data. Dewitte et al. (2008) studied vertical and

horizontal displacements of typical landslides at Leupegem

Hill in western Belgium from 1952 to 2002 by using multi-

period digital terrain model (DTM) coupled with stereopho-

togrammetry and LiDAR. Although DEM data are very

widely applied in landslide research, most of them are

based on one set of data or multi-temporal data focusing

on landslide displacement analysis only, whereas there are

rare studies and applications on deformation amount (e.g.,

volume) and deformation rate of landslides using multi-

period DEM data.

With landslides along the margin of Heifangtai loess

platform in the western China as the area of this study, and
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topographical maps of various periods as data source, we

established grid DEMs separately for various periods,

stressing on computing ground surface deformation amount

and deformation rate of the landslide in different periods,

and carried out correlation analysis of landslide-triggering

irrigation amount and landslide deformation amount, so as to

predict landslide developing tendency in future. Through

this study, we explored to develop a kind of technique

about quantitative analysis of landslide deformation based

on multi-period DEM data, and combined it with irrigation

amount to analyze deformation evolution tendency of

landslides along the margin of Heifangtai loess platform;

this analysis method will be a new thought about landslide

deformation analysis.

Outline of Landslides Along the Margins
of Heifangtai Loess Platform

Heifangtai platform is situated in Yongjing County, Gansu

Province in the western China; it is a loess platform with a

total terrace area of 13.44 km2 at an altitude about 1,700 m a.

s.l. In the Heifangtai platform region, landslides form in late

epochs and occur at high frequency with large density, and

new landslides take place every year leading to severe defor-

mation of slopes. Most of the landslides are characterized by

in-situ tracing and imbricated retrograding sliding; a single

landslide exhibits relatively standalone dynamic evolution

system with multi-period slip and its deformation is featured

in complex nonlinear evolution. Along the about 10-km-

long platform margin from Jiaojia in the east to Yanguoxia

Town in the west, there are more than 50 landslides varying

in size and age, stacking and joining each other to exhibit a

banded cluster collectively.

In this paper, only 32 typical landslides along the south-

ern margin of Heifangtai platform were studied, and a multi-

period landslide inventory map (Fig. 1) was acquired from

multi-period DEM data.

Quantitative Analysis of Deformation of
Landslides Along the Margins of Heifangtai
Loess Platform

Data Source and Accuracy

Data source of this study includes 1:10,000 topographical

maps released by Gansu Administration of Surveying,

Mapping and Geoinformation in three periods, i.e., 1977-

April, 1997-July, and 2001-July, and the 1:1,000 topograph-

ical map made by Xi’an Center of Geological Survey, China
Geological Survey through 3D laser scanning in April, 2010.

Given a study area covering 5.15 km2, based on the data of

contour lines and elevation points over the study area

obtained through vectorization, we built Triangulated Irreg-

ular Networks (TIN) (Fig. 2) in ArcGIS first, and then

converted TINs into grid DEMs.

Computation of Landslide Elevation Difference

Subtracting grid DEM data of landslides at Heifangtai plat-

form in 1997 from those in 1977 yields difference values

between elevations of landslide bodies in 1977 and in 1997

(Fig. 3a), in which positive values represent decrease in

elevation and are attributed to landslide slip zone, whereas

Fig. 1 Multi-period landslide inventory map of the southern margin of

Heifangtai platform

Fig. 2 TIN data of the study area in different periods (local area)

202 Q. Xue et al.



negative values represent increase in elevation and are

attributed to landslide accumulation zone.

Over two decades from 1977 to 1997, the maximum fall

of landslide elevation is 69.06 m. Likewise, subtracting grid

DEM data of landslides at Heifangtai platform in 2001 from

those in 1997 yields the landslide elevation difference values

during this period (Fig. 3b), indicating that the maximum fall

of landslide elevation is 54.84 m over 4 years from 1997 to

2001. Subtracting grid DEM data of landslides at Heifangtai

platform in 2010 from those in 2001 yields the landslide

elevation difference values during this period (Fig. 3c),

indicating that the maximum fall of landslide elevation is

48.57 m over 9 years from 2001 to 2010.

Computation of Landslide Volume

The change in landslide volume can be calculated according

to ground surface deformation amount. Suppose that the

original curved terrain surface is HT ¼ f(x,y) and post-

landslide curved terrain surface is HL ¼ g(x,y), within the

landslide region L, the volume V (Zhou and Liu 2006)

between the original curved terrain surface HT and the

post-landslide curved terrain surface HL is

V ¼
ðð

L

f x; yð Þ � g x; yð Þ½ �dxdy ð1Þ

The volume computation result may be positive or nega-

tive, depending on the location relationship between original

curved terrain surface and post-landslide curved terrain sur-

face. When the post-landslide curved terrain surface is

Fig. 3 Changes of elevation

differences of Heifangtai

landslides in different periods [(a)

Elevation difference values

during 1977–1997; (b) Elevation

difference values during

1997–2001; (c) Elevation

difference values during

2001–2010]

Fig. 4 Slip zone and accumulation zone of a typical landslide
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higher than the original curved terrain surface, the volume is

negative, representing landslide accumulation zone; in con-

trast, when the post-landslide curved terrain surface is lower

than the original curved terrain surface, the volume is posi-

tive, representing landslide slip zone (Fig. 4). Summing up

volumes of all slip zones or accumulation zones within a

landslide separately yields the total slip volume or total

accumulation volume of the landslide.

For the change in landslide volume during a period, we

manually delineated landslide boundary based on 3D terrain

first, and then calculated landslide volume changes within

the boundary using (1) on ArcGIS platform. In this paper,

volume changes of 32 typical landslides around Heifangtai

loess platform in three time intervals, i.e., 1977–1997,

1997–2001, and 2001–2010, were computed and analyzed

respectively to obtain slip volume and accumulation volume

of every landslide body during each time interval, as shown

in Table 1 below.

Computation of Landslide Frequency

Landslide movement frequency can be expressed as a ratio

of number of observed landslide events over unit area, and

its unit is number of landslides/year/unit area (Corominas

and Moya 2008). The movement frequency of a single

landslide is determined by number of landslides occurrence

or number of movements identified during observation

period, and frequency observation period is 33 years ranging

from 1977 to 2010. Landslide frequency F can be computed

using the following formula:

F ¼ N

T � A
ð2Þ

where, F is frequency of landslide occurrence or movement

(unit: number of landslides/year/km2), N is number of

landslide occurrence or movement, T is observation period

(unit: yr), and A is unit area (unit: km2). See computing

result in Table 1 below.

Statistical analysis of 32 landslides along the southern

margin of Heifangtai platform yields the magnitude–-

frequency relationship of landslide (Fig. 5), which exhibits

power law distribution and expressed as follows:

F ¼ 0:1589A�0:8938

R2 ¼ 0:9819
ð3Þ

where, A is landslide magnitude (area: km2), F is frequency of

landslide events with magnitude greater than or equal to A.

Computation of Landslide Scarp Retrograde
Eroding Velocity

Landslide slip displacement during certain time interval can

be obtained through continuous aerial photos, satellite

photos (or DEMs); then, we divide the total displacement

by time interval to get slip veloctiy of the landslide. This

method is able to effectively assess mean slip veloctiy of a

landslide in midterm or long term.

Liquefaction-induced flow occurred in loess after

Heifangtai platform landslides slid down, the landslide fron-

tal edges extend underneath terrace scarp composed of Cre-

taceous sandy mudstone and even enter the Yellow River, so

it is difficult to characterize landslide slip veloctiy with one

marker on landslide frontal edge or landslide body. In this

study, the retrograde eroding velocity of landslide scarp is

used to characterize landslide deformation rate. The

retrograding distance of landslide scarp divided by duration

is the retrograde eroding velocity of landslide scarp. Mean-

while, the sum of landslide slip volumes of Heifangtai loess

platform divided by duration represents the overall deforma-

tion rate of Heifangtai platform landslide (Table 2).

Prediction of Landslide Developing Tendency

Irrigation Amount Versus Landslide
Deformation Amount

Long term large area free flooding over Heifangtai platform

region makes a great amount of irrigation water seep into the

ground to increase groundwater recharge and break the

groundwater balance of Heifangtai platform, thereby chang-

ing hydrogeological conditions in natural state. Irrigation

information of Heifangtai platform irrigation area during

various time intervals from 1977 to 2010 is shown in

Table 2.
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For each landslide at Heifangtai loess platform, there

exists a certain relationship between total slip volume V

and annual mean irrigation amount Q (Fig. 6a), that is, the

greater the annual mean irrigation amount (unit: 104 m3/a),

the larger the landslide slip volume (unit: 104 m3). Statistical

analysis shows that they exhibit exponential correlation fol-

lowing the relational expression as follows:

V ¼ 2E� 33Q12:859

R2 ¼ 0:9989:
ð4Þ

Certain relationship also exists between mean retrograde

eroding velocity S of landslide scarp and annual mean irri-

gation amount Q (Fig. 6b), that is, the greater the annual

mean irrigation amount (unit: 104 m3/a), the higher the mean

retrograde eroding velocity (unit: m/a) of landslide scarp.

Statistical analysis shows that they exhibit positive correla-

tion following the relational expression as follows:

S ¼ 0:0535Q� 30:025
R2 ¼ 0:8565:

ð5Þ

Prediction of Developing Tendency

It is found from the above calculations that, from 1977 to

2010, the mean retrograde distance of landslide scarp at

Heifangtai platform reaches 113.07 m while its mean retro-

grade eroding velocity is 3.01 m/a. During 9 years since

2001, landslide slip volume, landslide scarp retrograde

distance and retrograde eroding velocity decreased signifi-

cantly, while slope failure exhibits reducing tendency. How-

ever, since the landslides at Heifangtai platform are ascribed

to high-altitude landslide, with free faces remaining and

water table staying high and this loess platform is irrigated

by water diverted from the Yellow River, resulting in dense

slope cracks, landslides at Heifangtai platform have poor

global stability. The loess platform would go on sliding

with dislocation, if no effective prevention and control

measures are taken.

According to the above analysis on relationship between

irrigation amount and landslide deformation amount and the

tendency of decreasing overall irrigation amount at

Heifangtai platform over these years, it is predicted that

landslides will evolve towards a tendency of reduced defor-

mation in future. It is estimated that the mean retrograde

distance of landslide scarp will be 0.79 m by 2015 and can be

reduced to 0.20 m by 2020 (Table 3).
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Table 2 Calculation of deformation rates of landslides at Heifangtai platform

Period

Retrograde distance (m) Mean retrograde

eroding

velocity (m/a)

Total slip

volume (m3)

Overall deformation

rate (m3/a)

Annual mean

irrigation amount

(104 m3/a)Maximum Mean

1977–1997 136.75 89.34 4.47 32,870,919.83 1,643,545.99 649.89

1997–2001 47.43 13.82 3.46 15,693,447.08 3,923,361.77 612.04

2001–2010 35.92 9.91 1.10 9,611,512.19 1,067,945.79 590.91

Average 3.01 2,211,617.85 617.61

Table 3 Predicted developing tendency of landslide scarp retrograde

distance at Heifangtai platform

Time (year) Retrograde eroding distance (m)

2013 0.90

2014 0.83

2015 0.79

2016 0.72

2017 0.68

2018 0.65

2019 0.47

2020 0.20
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Conclusions

1. Deformation information of 32 typical landslides along

the margin of Heifangtai loess platform during

1977–2010 has been analyzed in stages: from 1977 to

1997, total slip volume is 3,287.09 � 104 m3 and the

mean retrograde eroding velocity of landslide scarp is

4.47 m/a; from 1997 to 2001, total slip volume is

1,569.34 � 104 m3 and the mean retrograde eroding

velocity of landslide scarp is 3.46 m/a; from 2001 to

2010, total slip volume is 961.15 � 104 m3 and the

mean retrograde eroding velocity of landslide scarp is

1.10 m/a.

2. For each landslide at Heifangtai loess platform, both total

slip volume and mean retrograde eroding velocity of

landslide scarp have certain corrleation with annual

mean irrigation amount, that is, the greater the annual

mean irrigation amount, the larger the landslide slip vol-

ume and mean retrograde eroding velocity of landslide

scarp; with decreasing irrigation amount at Heifangtai

platform each year, the landslide will evolve towards a

tendency of decreasing deformation in future. It is

estimated that the mean retrograde distance of landslide

scarp will be 0.79 m by 2015 and can be reduced to

0.20 m by 2020.

3. Through this study, a new method of landslide deforma-

tion analysis has been established and offers scientific

basis for prediction, prevention and control of landslides

at Heifangtai platform.
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Research on Prediction Methods of Surges Induced
by Landslides in the Three Gorges Reservoir Area
of the Yellow River

Wei Hu, Maosheng Zhang, Lifeng Zhu, Pingping Sun, Xiujuan Cheng,
and Jun Jia

Abstract

The risks of surges in the Three Gorges Reservoir area of the Yellow River cannot be

neglected. Empirical equations are efficient evaluation methods which should be consid-

ered as a priority. Field survey was carried out on the loess landslide and surge which

occurred in Jiaojiayatou in the Three Gorges Reservoir area of the Yellow River on 7th

February, 2012. Then features of the loess landslide and surge were analyzed. Nine

classical equations for landslide-triggered surges were adopted to calculate characteristic

parameters of the surge, including initial surge height and run-up height on the opposite

bank. Compared with field survey results, characteristic parameters of the surge derived by

empirical equations, including ASCE recommended method, method of China Institute of

Water Resources and Hydropower Research, Huber and Hager model and Panjiazheng

method, are close to those of the real model. The verification coefficients are 2.14, 1.92, 0.6

and 0.66 respectively. After comprehensive comparisons of safety and economical effi-

ciency, Panjiazheng method is recommended to predict similar hazards in the Three Gorges

Reservoir area of the Yellow River.

Keywords

Loess � Landslide � Surge � Irrigation � Heifangtai

Introduction

Landslide-induced surges are the important integral parts of

landslide disaster chains. Some of historical landslide-

induced surges caused even worse disasters than landslides

themselves, of which the most well-known case was the

surge caused by Vajont rock slope failure in Italy (Muller

1964). Therefore, the assessment of surge risks should be

prior to that of mother landslides.

A variety of methods for surge assessment exist which

can be summarized in five types, including the theoretical

method, the numerical method, the physical modelling

method, the field model verification method, as well as

empirical method. The theoretical method is rigorous but

complex meaning less applicable. The numerical method

can calculate featured parameters of surges with high effi-

ciency, with the disadvantage that commercialized software

are seldom available. The physical modelling method,

mainly referring to the similarity-principle-based laboratory

model testing, provides high reference values for surge anal-

ysis. The disadvantages include high costs and inconsistency

with the real world due to limitations of scale effect. Besides,

both numerical modelling and physical modelling have

difficulties in deciding reasonable parameters and boundary
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conditions. Hence, the field model verification method

which utilizes field observation data to verify calculation

equations and further predict similar landslides and surges

is a more acceptable method (Zhang et al. 1994). The empir-

ical method is to summarize both theoretical and testing

research findings of a type of problems in a summarized

and generalized equation. Compared with the former four

methods, the empirical method should be considered as a

priority for its high efficiency and easy applicability.

The Three Gorges Reservoir of the Yellow River was

built in the 1960s. After then, a series of geo-environmental

problems including landslide-induced surge disasters were

caused. One typical representative slope is the Jiaojiayatou

slope of Heifangtai platform, which lies on the north bank of

Bapanxia reservoir. Since the 1980s, more than a dozen

high-speed loess landslides have occurred. Most of the

landslides crushed into the reservoir triggering surges,

endangering people and properties along on the river.

This paper studies the latest Jiaojiayatou landslide and

subsequent surge occurring on 7th February, 2012. Emer-

gency investigation of the disaster was conducted just a day

after obtaining well-recorded field featuring data of the

landslide and surge. Then a total of nine equations were

utilized to calculate featuring parameters of the surge. By

comparing them with field recorded data and obtaining

verifying coefficients, the empirical equations were ranked

according to their consistencies.

Features of the Landslide and Surge

Heifangtai is a platform of which the bed is the fourth terrace

of the Yellow River. The exposed stratigraphic layers, from

the youngest to the oldest, are the upper Pleistocene wind-

blown loess layer, the mid Pleistocene alluvial silty clay and

gravel layer, and the Cretaceous mudstone and sandstone

layer (Fig. 1). The 130 m high Jiaojiayatou slope, locating in

the steepest sloping area at the southern edge of Heifangtai,

is generally concaved on the top and steep at the toe (Fig. 2).

The upper loess slope and the lower bedrock slope have

slope gradients of about 32� and 43�, respectively. A provin-

cial road with a width of only 10 m passes by the toe of the

slope, while the river reservoir with a width of 200 m and an

average depth of 20 m flows just on the outer side of the

road. At 16:30 pm on 7th February, 2012, high elevation

landslide occurred again, similar to the past several failures,

which took place in the same slope. With a total volume of

1.2 � 105 m3, the landslide is 120 m long, 100 m wide and

10 m thick. The landslide has a clear circle-chair shape and

borders (Fig. 3a). After sliding, few sliding masses were left

on the sliding bed. Instead, most of the sliding masses

disintegrated into powders. Moreover, soils at the bottom

of the deposits were in fluid plastic state, demonstrating

sharp reduction of soil strength and consequently leading

to a high-speed landslide.

When the landslide body reached the toe of the slope,

main part of the body with a volume of 1.1 � 105 m3 almost

immediately crushed into the reservoir and triggered surge

waves, with only 1.0 � 104 m3 left at the toe of land.

Unfortunately, two cars were just passing and pushed into

the water. According to field investigations, the surge pulled

out trees with diameters of regular bowls, destroyed the iron

roof of a small single house (Fig. 3b). After landing, the

surge continued climbing up and further until it reached a

run-up height of 6 m and a farthest distance of 270 m

(Fig. 3c). In the way, ice blocks with the average thickness

of 30 cm were broke apart (Fig. 3d).

Prediction Methods of Surges

Analysis of Factors Influencing Surges

Features of landslide-induced surges are affected by lots of

factors, mainly three aspects including landslide factors,

hydro-geological factors, and topographic factors (Liu

1987; Carl et al. 2006). The landslide factors refer to size

feature including length, width, thickness, etc., material

composition and shape of sliding masses, relative positions

between landslides and waters, motion modes and tracks of

landslides. All these factors mainly influence magnitude and

shape of surges. With water depth, width and velocity

included, the hydro-geological factors refer to features of

waters where surges develop and mainly influence propaga-

tion attenuation laws and shapes of surges. Topographic

factors refer to angles of river bank slopes, strikes, as well

as inshore terrain.

Fig. 1 Typical stratigraphy of Heifangtai
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Selection of Calculation Models for Surges

The velocity of a landslide when touching water is one of the

parameters prior to surge calculations. For this velocity,

several methods already exist, such as Pan’s method,

ASCE recommended method, variation method etc. All of

these existing methods are based on energy conservation law

while considering different assumptions (Hu et al. 2012).

Wang’s et al. study (2001) revealed a horizontal projectile

motion mode of travelling after a typical Jiaojiayatou land-

slide breaking away from the mother slope until reaching the

boundary between the Yellow River and the road. So if the

velocity of a landslide at the shearing outlet is known, then

landslide velocity when touching water could be calculated

according to horizontal projectile motion equation.

Huang et al. (2010, 2012) studied and summarized

methods for surge calculation. Herein nine most frequently

used models, including the ASCE (American Society of

Civil Engineers) recommended method (Zhang et al.

1994), the IWHR (China Institute of Water Resources and

Hydropower Research) method (Huang and Dong 1983),

Pan’s method (1980), as well as models put forward by

Hall and Watts (1953), Noda (1970), Slingerland and Voight

(1980), Synolakis (1987) Huber and Hager (1997), and

Chow (Cited by Huang et al. 2012), were adopted to perform

surge calculation.

Fig. 2 Schematics of the cross section of Jiaojiaytou and the opposite bank of Yellow River

Fig. 3 Features of the

Jiaojiayatou landslide and surge.

(a) Overview of landslide, (b)

remnants of the opposite bank, (c)

maximum run-up height of the

surge, and (d) smashed ice blocks

Research on Prediction Methods of Surges Induced by Landslides in the Three Gorges. . . 211



Determination of Parameters for Models

Parameters for calculation of the Jiaojiayatou landslide and

surge occurring on 7th February, 2012, are provided in

Table 1. In the table, velocities at shearing outlet are cited

from Hu et al. (2012).

Calculation Results and Discussions

Calculations of Landslide Velocity When
Touching Water

Equations (1), (2) and (3) (Cited from Wang et al. 2001) are

utilized to calculate horizontal projectile motion features

including time t and horizontal motion distance S, as well

as landslide velocity when touching water V2. The results are

presented in Table 2.

Table 2 shows that the horizontal motion distance calcu-

lated by variation method is very close to the real situation.

However, the distance calculated by Pan’s method covers a

too wide range to determine an accurate value. While both

ASCE recommended method and numerical simulation

underestimate the distance. Hence, variation method gives

the best calculation results with a landslide velocity of

40.32 m/s.

t ¼ V1 sin θ þ V1
2 sin 2θ þ 2gH

g
ð1Þ

S ¼ V1 � cos θ � t ð2Þ

V2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V1

2 � 2g sin θV1tþ g2t2
q

ð3Þ

Calculations of Landslide-Induced Surges

Characteristic parameters of the Jiaojiayatou landslide-

induced surge, calculated by nine empirical models, are

listed in Table 3. Meanwhile, run-up height was adopted as

a verification parameter to compare calculated results and

the field survey result which would further acquire field

model verification coefficients for the nine methods.

Table 3 shows big differences among the nine methods.

Herein, the run-up height of the surge on opposite bank of

where landslide touched water is taken as the comparative

parameter. The run-up height of field investigation is 6 m.

Among the above calculated results, the models put forward

by Chow, Noda, Slingerland and Voight, Synolakis, and Hall

Table 1 Parameters for surge calculation

Parameters Symbol Value Unit

Landslide factors

Velocity at shearing outlet via Pan’s method V1 14.9–28 m/s

Velocity at shearing outlet via ASCE method V1 14.9 m/s

Velocity at shearing outlet via variation method V1 18.04 m/s

Velocity at shearing outlet via numerical simulation V1 16.1 m/s

Elevation difference between the centroid of landslide and the water surface H 80 m

Tangential obliquity of the sliding track at the shearing outlet θ 0 �

Length of sliding body L 120 m

Width of sliding body W 100 m

Average thickness of sliding body Hs 10 m

Volume of sliding body V 12 � 104 m3

Density of sliding body ρ 1.8 g/m3

Hydrological factors

Water depth Hw 20 m

Width of river Ww 200 m

Topographic factors

Weighted average slope of the sliding surface α 25.7 �

Slope angle of the opposite bank β 35 �

Empirical coefficients

IWHR method coefficient k 0.12

k1 0.1

Slingerland and Voight model coefficient a �1.25

b 0.71
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overestimate initial height and run-up height. On the con-

trary, the other four methods, including the ASCE method,

the method recommended by Institute of Water Resources

and Hydropower Research, Huber and Hager model and

Pan’s method, estimate surge features reasonably, with

corresponding verification coefficients be 2.14, 1.92, 0.6

and 0.66.

Discussions of Calculation Results

Different assumptions lead to the big contrasts of the calcu-

lation results presented above.

The run-up height for Chow model is shown in (4),

demonstrating that Chow model is completely relying on

transforming relationship between kinetic energy and poten-

tial energy. Two assumptions for the model, on the one hand,

are no energy loss in the process of wave motion, and

immediate transformation of kinetic energy into potential

energy once surges reach river banks. According to field

investigation data, there was an extra 270 m of motion

distance outwards after the surge climbed up to the bank,

meaning very considerable kinetic energy. Hence, the calcu-

lated run-up height has very big inconsistency compared

with the real data.

h ¼ V2
2

2g
ð4Þ

h=Hw ¼ 2:831 cot βð Þ0:5 Hb=Hwð Þ1:25 ð5Þ

h=Hw ¼ 3:1 Hb=Hwð Þ1:15 ð6Þ

The models of Synolakis and Hall and Watts are listed in

(5) and (6), where Hb is surge height at any given time. Since

the empirical coefficients in the two models were derived by

the researchers’ own model tests whose testing conditions

differed greatly from the conditions in Jiaojiaytou, the two

models overestimate run-up height.

Relatively speaking, the run-up heights calculated by the

ASCE method, the method recommended by Institute of

Water Resources and Hydropower Research, Huber and

Hager model and Pan’s method, are close to the real

recorded data. The consistencies not only reflect similar

assuming conditions for those models and Jiaojiayatou land-

slide and surge, but also confirm broad applicability of these

methods. Furthermore, to ensure enough safety and, mean-

while not to overestimate surge risks, Pan’s method is

recommended.

Conclusions

1. The results for prediction of velocity, calculated by four

methods, including Pan’s method, ASCE recommended

method, variation method and numerical simulation, are

compared with the real terrain and field investigation.

Among them, variation method provides the most reason-

able landslide velocity at the shearing outlet to calculate

velocity when landslide body touching water. The velocity

is 40.32 m/s.

2. The calculated results of the surge with nine empirical

models show that four methods, including ASCE

recommended method, the method recommended by Insti-

tute of Water Resources and Hydropower Research, Huber

and Hager model, Pan’s method, provide reasonable surge

features. The corresponding verification coefficients are

2.14, 1.92, 0.6 and 0.66, respectively. Taking into account

Table 2 Comparisons of kinematic parameters for horizontal parabolic motion of the sliding mass

Method Time (s) Motion distance (m) V2 (m/s)

Pan’s model 4.04 60.20–113.12 42.30–48.49

ASCE method 4.04 60.21 42.31

Variation method 4.04 72.89 40.32

Numerical simulation 4.04 65.05 42.75

Table 3 Characteristic parameters of the surge calculation by all models

Method Initial height of the surge (m) Calculated run-up height (m) Verification coefficient

ASCE method 4.04 2.8 2.14

IWHR method 19.8 3.13 1.92

Chow’s model – 82.94 0.07

Noda’s model 28.8 – –

Slingerland and Voight’s model 163.32 – –

Huber and Hager’s model 12.28 10 0.60

Synolakis’ model – 36.76 0.16

Hall and Watts’ model – 35.37 0.17

Pan’s model 20 9.06 0.66
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both safety and economy, Pan’s method is recommended

for calculation of similar surges in the future.

3. In the past, surge waves and potential disasters have been

neglected in geo-hazard prevention in the Three Gorges

area of the Yellow River. In the future, it is necessary to

incorporate surge risk evaluation into the risk manage-

ment of entire geo-hazard chains.
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Analyses of the Changes of Loess Engineering
Properties Induced by Irrigation

Wei Hu, Lifeng Zhu, Maosheng Zhang, Ying Pei, and Junbo Bi

Abstract

Irrigation has changed the original environment of loess. In the process of moistening and

saturating after irrigation, engineering properties of loess such as microstructure, physical

properties, mechanical properties and water-physical properties have been changed, which

become important conditions inducing loss due to geo-hazards. Taking Heifangtai of Gansu

province as a studied irrigation area, systematic studies were carried out on loess ranging

from in-situ tests to laboratory tests, from traditional soil mechanics to mechanics for

unsaturated soils, from microstructures to macro properties. Based on the study, the

changes of engineering properties of loess due to irrigation were revealed. The results

show that irrigation destroys the primary structures of loess with general decrease of the

total amount of voids, as well as disappearance of overhead voids. Due to irrigation, natural

water content, in-situ density and dry density all increase while natural void ratio decreases.

Collapsibility of loess decreases. The shear strength decreases dramatically. In terms of soil

mechanics for unsaturated soils, irrigation causes the increase of water content of loess and

decrease of matric suction. As a result, the strength parameters for unsaturated loess show

decreasing trends.

Keywords

Loess � Engineering geological property � Irrigation � Heifangtai

Introduction

Loess platforms, as the main agricultural areas in the Loess

Plateau in China, have little precipitation and intense

evaporation. Since the end of the Spring-and-Autumn

Period, irrigation in the loess region has lasted for over

2,400 years. Irrigation greatly increases the agricultural

yield, but on the other hand, causes loess geo-hazards

which range from collapses of platforms to a great amount

of loess landslides at edges of platform slopes. Of these,

typical examples include the Hazards in Heifangtai in

Gansu province and Jingyang in Shaanxi province. For

instance, Heifangtai is an isolated platform which has been

cut into two halves right in the middle by Hulang Ditch, as

shown in Fig. 1. Originally, few people lived on this

platform. Since 1968 when immigrants of the Liujiaxia

reservoir project moved here, the platform has endured

more than 40 years of continuous broad irrigation. Water

infiltrates through the loess layer until it reaches the surface

of the underlying silty clay layer of which the saturated

permeability Ks is one tenth of that of the loess layer

(Fig. 2). Also the loess slopes have low discharging ability.

So the groundwater table at the bottom of the loess layer

increases gradually causing loess landslides. In general,

there are two reasons contributing to the overlapping of

loess landslides at the edges of these irrigated platforms.
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That is, irrigation not only changes the primitive hydro-

geological conditions by raising the groundwater table, but

also weakens the engineering properties of loess, leading to

the occurrences of loess collapses and loess landslides

(Lei 1995; Wang 1992; Wang and Liu 1999; Jin and Dai

2007; Long et al. 2007).

At present, there have been many researches on the

changes of hydro-geological conditions due to irrigation. In

terms of the impacts of irrigation on loess engineering

properties, the existing researches can be grouped into two

aspects, including studies concerning the structural changes

of loess due to soaking (Hu et al. 1999; Cheng 2002; Guo

et al. 2008) and discussions of mechanical properties

responses to changes of water contents of loess (Zheng and

Zhang 1989; Ueno et al. 2005; Zhang et al. 2006; Hu et al.

2005). However, the past studies only focused on one certain

aspect of the engineering properties responses of loess due to

irrigation. Problems still exist in terms of systematic

research and quantitative verification. In this paper,

Heifangtai in Gansu province is taken as an example to

study how engineering properties change due to irrigation.

Exploration wells with a depth of 15 m in both irrigated and

non-irrigated areas were excavated. In the wells loess

undisturbed samples were taken at an interval of 1 m to

conduct comparative tests and analyses of loess structures,

physical properties and deformation features. Also by

artificially controlling water content, loess strength

parameters for different water contents were measured. By

doing so, the changing mechanisms of loess engineering

properties due to irrigation were systematically revealed.

Some of the main findings of these tests are presented in

this paper.

Changes of Loess Micro-structures

The SEM images magnified for 400 times for both irrigated

and non-irrigated loess are presented in Fig. 3. Both samples

show the same overall particle shape that is single-grain-

based, supplemented by collecting particles. In terms of the

contact pattern of particles, both samples are point-contact-

based, demonstrating that the loess is highly prone to

collapse with big collapsibility even after irrigation. In

terms of the voids, both samples are based on inter-granular

pores, supplemented by overhead pores. Compared with

non-irrigated loess, irrigated loess has much fewer void

amounts.

Changes of Loess Physical Properties

Comparisons of physical index properties including specific

gravity, plastic limit and particulate component show no

evident differences between irrigated and non-irrigated

loess samples. However, other physical properties, including

natural water content, in-situ density, dry density and natural

void ratio, are greatly influenced by irrigation. The

comparative results are presented in Figs. 4, 5, 6 and 7.

Due to irrigation, the values at different depths are prone to

be even with less variation. Specifically, the averaged tested

values of natural water content, in-situ density and dry

density increase for 7 %, 0.25 g•cm�3 and 0.14 g•cm�3,

respectively. On the contrary, the averaged values of natural

void ratio decrease for about 0.18.

Fig. 1 Remote sensing map of Heifangtai

Fig. 2 Typical Quaternary layers of Heifangtai
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Fig. 3 SEM images (�400) of (a) non-irrigated loess, and (b) irrigated loess
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Changes of Loess Collapsibility

Both the absolute values and variations of loess collapsibility

are greatly reduced by irrigation, as shown in Fig. 8.

According to Code for building construction in collapsible

loess regions (China Architecture and Building Press 2004),

collapsibility of loess can be divided into four levels, non-

collapsible, slightly collapsible, moderately collapsible and

intensively collapsible. The four groups are separated by

boundary values of 0.015, 0.03 and 0.07. Compared with the

above standards, the non-irrigated loess mainly belongs to the

intensively collapsible group, while the irrigated loess is

moderately collapsible.

Changes of Loess Strength Properties

Strength of loess is mainly controlled by loess structure and

physical properties, of which water content is the most

decisive factor. Besides, irrigation mainly changes water

content of loess. Therefore, both in-situ and laboratory

studies of the irrigation impacts on loess strength were

carried out at different water contents. For in-situ shear

tests, two water contents including natural state and

saturated state were conducted. For laboratory shearing

tests, more water content levels were carried out.

Comparisons Based on In-situ Shear Tests

The testing schemes of in-situ shear tests are presented in the

paper “The method for in-situ large scale shear test of

saturated soils and its application” in this proceeding. Herein
only the test results are presented (Table 1). Compared with

strength parameters of loess in natural state, the cohesion of

loess in saturated state reduces from 44.65 kPa to 17.35 kPa,

while the internal friction angle drops from 14.18� to 11.98�.
This indicates that the main soaking impact on the in-situ

shear strength is reflected by the dramatic reduction of

cohesion.

Comparisons Based on Conventional Triaxial
Shear Tests

Taken from the non-irrigated loess well, undisturbed loess

samples were prepared with multiple levels of water

contents to carry out consolidated-undrained (CU) triaxial

tests. The relationships between shear strength parameters

of loess and water content are depicted, as shown in Fig. 9.

The results show that shear strength parameters of loess

have greater water sensitivity than that of in-situ shear

test parameters. With the increase of water content,

cohesion decreases in logarithmically, while internal friction

angle decreases linearly. Both curves have high fitting

degrees.

Comparisons Based on Suction-Controlled
Shear Tests

From the perspective of unsaturated soil mechanics,

irrigation leads to the increase of water content of loess, or

changes of matric suction. Then strength of loess changes

accordingly. The multi-functional GDS triaxial apparatus

was utilized to carry out suction-controlled shear tests of

unsaturated loess. The testing conditions are described in

Table 2. The test results are given in Figs. 10, 11, and 12.

They show that with matric suction reducing from 100 kPa

to 20 kPa, internal friction angle decreases for about 1� and
cohesion drops for about 22 kPa. One of the explanations for

the cohesion drop is that cohesion actually reflects the

comprehensive inter particle actions involving van der

Waals attraction, electrical double-layer repulsion, chemical

cementation and capillary action (Lu and Likos 2006). All of

the above actions are state variables which are closely

dependent on water content. With the increase of water

content, the overall influence of the above actions on

Fig. 8 Comparison of coefficient of collapsibility. (a) non-collapsible

zone, (b) slightly collapsible zone, (c) moderately collapsible zone, and

(d) intensively collapsible zone
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strength weakens. This weakening effect is particularly

obvious in water sensitive loess. On the contrary, internal

friction angle represents inherent material behaviour,

making it less affected by water content.

Furthermore, the relationship between cohesion and matric

suction could be drawn on the basis of the above mentioned

suction-controlled testing results (Fig. 13). From the linear

fitting curve in Fig. 13, both the effective cohesion c’ and the

additional friction angle contributed by matric suction φb can

be found. The effective cohesion c’ is the intercept equalling
12.91 kPa. φb is the slope equalling 15.6�.

Table 1 Shear strength parameters of in-situ shear tests of loess

Testing condition Water content (%) Cohesion (kPa) Internal friction (degree)

In-situ shear test of loess in natural state 9.1 44.65 14.18

In-situ shear test of loess in saturated state 33.1 17.35 11.95

y = -43.8ln(x) + 157.06

y = -1.0038x + 34.31
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Table 2 Testing conditions of triaxial tests of unsaturated loess

Matric

suction

(kPa)

Confining

pressure (kPa)

Pore air

pressure

(kPa)

Pore water

pressure (kPa)
20 150 50 30

250 50 30

350 50 30

50 100 50 0

150 50 0

250 50 0

100 150 100 0

200 100 0

300 100 0
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Fig. 10 Mohr circle and shear strength parameters under matric suc-

tion of 20 kPa
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Conclusions

Irrigation has obvious impacts on loess engineering

properties, ranging from micro-structure to macro physi-

cal indices, from deformation properties to strength

parameters. Of these, strength weakening is the most

vital factor to cause frequent landslides.

1. In terms of micro-structure, irrigation mainly influences

the pore features of loess. The primary structure of loess

is destroyed. This leads to the reduction of the total

amounts of voids, which is mainly reflected by the

dramatic reduction or even disappearance of overhead

voids.

2. In terms of physical properties, irrigation has obvious

impacts on properties including natural water content,

density and void ratio. In contrast, other properties

such as specific density, plastic limit and particulate

composition are slightly affected.

3. On deformation, irrigation not only increases the

averaged values of loess collapsibility, but also reduces

the variation of collapsibility values for different depths.

4. Although having different correlations with water

content, shear strengths of soils acquired from both

in-situ and laboratory tests decreased, revealing evident

water sensitivity of loess strength.
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Deformation Behavior of Mechanically Stabilized
Earth Walls with Geocomposite Drainage Under
Seepage Condition

Avirut Chinkulkijniwat and Somjai Yubonchit

Abstract

Both external and internal stabilities are main concerns in design and construction manuals

for the mechanically stabilized earth (MSE) wall. Literature showed that the failure of the

MSE walls, especially in mountainous areas, is mainly caused by the attack of seasonal

heavy rainfall. The seepage through the MSE wall due to the rainfall causes the increase in

the lateral stress and the reduction in the effective stress, stiffness and strength of the

backfill; hence the reduction in the factors of safety against external and internal failure.

This paper investigates the flow and mechanical behaviors of the MSE wall with and

without geocomposite grain under seepage condition. The investigation is performed using

laboratory physical model tests. It is found that the water pressure significantly controls the

performance and the failure of the MSE wall. As the water pressure increases, the

settlements in the unreinforced zone increase. The failure of the MSE wall is caused by

the piping of the reinforced soil. The geocomposite drainage reduces the water pressure and

water content in the reinforced zone, hence the improvement of the stability of the MSE

wall. For the same water pressure, the MSE wall with geocomposite drainage sustains

lower settlements.

Keywords

Mechanical stabilized earth wall � Geocomposite � Drainage system

Introduction

The MSE wall can be used as an earth retaining structure

along the mountainous area. The first project in Thailand

was constructed in the Highway route no. 11 (Utaradit-

Denchai) in 2011. Several MSE wall projects along the

mountainous area will be released from the Department of

Highways, Thailand such as in Khao Pub Pa and Lomsak.

For the design of MSE wall in the mountainous areas, the

external and internal stabilities must be confirmed.

Generally, the examination of the external and internal

stabilities can be referred to standard design manuals such

as the American Association of State Highway Transporta-

tion Officials (AASHTO) and the Federal Highway

Administration (FHWA), etc. It is worth noting that the

design condition is generally assumed that the drainage

system still functions. Shibuya et al. (2007) reported the

causes of failure of a MSE wall constructed in a mountain

in Yabu, Hyogo prefecture, Japan. The failure occurred in

2004 after the attack of typhoon. One of the causes of failure

is the inappropriate installation of the drainage system.

Shibuya et al. (2009) recommended that the geocomposite

drain with a high coefficient of permeability (10–200 times
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higher than that of the compacted backfill) can be used as a

drain in the MSE wall. The advantage of the geocomposite

drain over the conventional material (well-graded sand) is

the high drainage capacity even under the MSE wall

movement caused by dead and live loads. Besides, the

geosynthetic drainage system is cheaper and simpler to

install than the conventional system.

Presently knowledge on the design of drainage system in

MSE wall, using geocomposite, is very limited. Rigorous

knowledge on influencing factors to drainage efficiency

would enhance the design potential. Understanding flow

mechanism in MSE wall is crucial to develop design

direction. This paper investigates the flow mechanism in the

MSE wall with and without geocomposite. The investigation

is performed using laboratory physical model tests. Results

from the tests will be useful for further parameter analysis.

Laboratory Investigation

Materials

The soil used in this investigation is a clean sand. It consists

of 10 % gravel, 87.3 % sand, and 2.7 % silt. The gradation of

the sand is presented in Fig. 1. This sand is classified as

poorly graded sand (SP), according to the Unified Soil

Classification System (USCS). Its specific gravity is 2.74.

The compaction characteristics under standard Proctor

energy are optimum water content (OWC) ¼ 5.7 % and

maximum dry unit weight, γd,max ¼ 16.7 kN/m3. Shear

strength parameters of this sand at the optimum point

obtained from a large direct shear apparatus with the

diameter of 35 cm are c0 ¼ 0 kN/m2, and ϕ0 ¼ 40�.
Generally, well-graded materials are used as backfill due to

high efficiency of field compaction. The uniform sand was,

however, used in this investigation for the consistency of the

laboratory compaction for each test. Even though the tested

sand is uniformly graded but its percentages finer than 37,

4.75, 0.425, 0.150, and 0.075 mm particle size and its

internal friction angle meet the specifications of the

Department of highways, Thailand.

Experimental Setup

A large scale tests were conducted in the laboratory of

Suranaree University of Technology to simulate MSE wall

under a condition of high ground water Table. A reinforce

concrete tank was built to carry out the experiment. The

Dimensions of the tank is illustrated in Fig. 2. The sand

was filled to the tank to a dimension of 1.4 � 3.6 � 1.6 m.

It was compacted in layers of about 0.15 m thickness to a

density of higher than 90 % the standard Proctor density. The

compaction was carried out by hand compactors. The degree

of compaction and water content were checked regularly at

several points by the sand cone method. Wherever the

degree of compaction was found to be inadequate, additional

compaction was done until the desired standards were met.

The wall facing was made of an acrylic plate with five layers

of steel reinforcement. The vertical and horizontal spacing

between each layer was fixed at 0.20 m and 0.25 m,

respectively. The reinforcements for all layers are 3 mm

diameter and 0.7 m length (equal to 0.8H where H is the

wall height). The reinforcement length of larger than 0.7H is

recommended by AASHTO (2002).
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The MSE wall was extensively instrumented within the

wall and the wall facing panel. Locations of the instruments

are illustrated in Fig. 2. Three piezometers, 10 surface

settlement plates and 10 water sensors were installed to

measure the change in water levels, settlements and water

contents during seepage flow. The surface settlement plates

were installed in middle of the backfill. Settlements were

measured by a precise leveling with reference to a

benchmark. Three linear potentiometers were installed at

the wall facing panel to measure the lateral wall movement

at different points during seepage.

The ground water table during the tests was controlled by

water levels in the upstream and downstream water tanks.

The water level in the downstream water tank was kept

constant at 0.2 m height by a control weir. The water level

in the upstream tank was varied from 0.2 m height to 1.0 m

height as indicated in Table 1. Every test was begun with the

water level of 0.2 m height in the upstream tank. At every

level of upstream water, the upstream water level was kept

constant until steady state flow was arrived.

Test Results

Seepage Flow

Figure 3 shows the phreatic drawdown for different water

levels for cases I and II. The water heights behind the

unreinforced zone were 0.4 m and 0.6 m for the case I and

0.4 m and 0.7 m for the case II. The phreatic level decreases

through the wall face due to the head loss in the sandy

backfill. The distance of the wall face insignificantly affects

the phreatic level. In other word, pore pressure acting on the

wall face decreases as the distance from the water source to

the wall face increases. The advantage of the geocomposite

drainage on the reduction in water pressure in the reinforced

zone is illustrated in Fig. 4. The measured data of the water

pressure for case II (without geocomposite) are compared

with those for case III (with geocomposite). For both cases,

the distance from the water source to the wall face is the

same. The highly permeable geocomposite can collect the

water in the unreinforced zone and drain out at the wall face.

This reduces the water pressure acting on the wall face and

pore water pressure in the reinforced zone.

It is interesting to mention that the arrangement of the

geocomposite plays a significant role on the drainage

capacity. The inclined geocomposite drainage is not suitable

in terms of workability, economic and engineering points of

view. The inclined arrangement is hard in practice and uses

more drainage. It is clearly seen from Fig. 5 that the vertical

arrangement is more effective than the inclined arrangement.

Deformations

Comparisons among final surface settlements along a

longitudinal direction at a specific water level in the

upstream tank are presented in Figs. 6 to 8. Figure 6

compares settlements for case I and those for case II. It is

clearly shown that the settlements for case I are lower than

those for case II. There are two factors that induced the

difference; (1) level of water in the upstream tank and (2)

distance of the upstream water tank to the wall face. The

Table 1 Detail of the conducted experiments

Case Wall distance (m) Upstream water level (m) Geocomposite direction (deg.)

I 2.4 0.2, 0.4, 0.6 –

II 1.7 0.2, 0.4, 0.7, 1.0 –

III 1.7 0.2, 0.4, 0.7, 1.0 90

IV 0.2, 0.4, 0.7, 1.0 45

Fig. 3 Comparison between phreatic lines for cases I and II Fig. 4 Comparison between phreatic lines for cases II and III
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water levels in the upstream water tank for cases I and II are

0.6 m and 0.7 m, respectively. Theoretically, the higher

water level provides the greater magnitude of settlement.

However, the more important factor is the distance of the

upstream water tank to the wall face. As the phreatic level

decreases through the wall face, the shorter distance results

the higher phreatic level at the wall face. Figure 3 shows that

when the water level in the upstream water tank is 0.7 m, the

level of the phreatic line at the wall face remains relatively

high at level of 0.3 m. The high phreatic line at the wall face

induces piping of the soil at vicinity to the wall face. The

piping later induces massive failure in the reinforced zone

and hence, there occurs a relatively large settlement in the

reinforcement zone as indicted in Fig. 6.

Figure 7 compares the surface settlements for cases II and

III. It is shown that the drainage system works well on its

function. The surface settlements shown in Fig. 8 show that

the inclined geocomposite drainage opposes poor perfor-

mance comparing with the vertical drainage. Comparing

with the vertical drainage, the inclined drainage gives the

higher level of phreatic line inside the reinforced zone as

shown in Fig. 5 and results in the lower effective stresses

inside the reinforced zone. As such the greater magnitude of

settlements for the inclined drainage tor the vertical drainage

is observed as shown in Fig. 8.

Conclusions

A series experiments for multistep flow through the MSE

wall were conducted with and without geocomposite

drainage in the laboratory of Suranaree University of

Technology. Phreatic lines at a specific level of water

level in the upstream tank for all studied cases are

presented. It is found that geocomposite can be used as

drainage material in the drainage system in MSE wall.

Regarding to the drainage efficiency, the performance of

the vertical drainage is better than that of the inclined

drainage. Surface settlements along longitudinal

direction at a specific level of water level in the upstream

water tank are presented for all cases. The measured

settlements are consistent with the measured phreatic

lines.

Fig. 5 Comparison between phreatic lines for cases III and IV

0 0.50 1.00 1.50 2.00 2.50 3.00 3.50

0

0.5

1.0

1.5

2.0

Distance (m)

Se
ttl

em
en

t (
m

m
)

No.1 (Water level 60 cm)
No.2 (Water level 70 cm)

R
ei

nf
or

ce
d

U
nr

ei
nf

or
ce

d

Po
ro

us
 C

on
cr

et
e

W
al

l N
o.

 1

W
al

l N
o.

 2

Fig. 6 Comparison between surface settlements for cases I and II

0 0.2 0.5 0.8 1.0 1.2 1.5 1.8 2.0 2.2 2.5

0

0.5

1.0

1.5

2.0

Distance (m)

Se
ttl

em
en

t (
m

m
)

No. 2 (Water level 70 cm)
No. 3 (Water level 70 cm)

R
ei

nf
or

ce
d

U
nr

ei
nf

or
ce

d

Po
ro

us
 C

on
cr

et
e

W
al

l N
o.

 2
 a

nd
 3

Fig. 7 Comparison between surface settlements for cases II and III

0 0.2 0.5 0.8 1.0 1.2 1.5 1.8 2.0 2.2 2.5

0

0.5

1.0

1.5

2.0

Distance (m)

Se
ttl

em
en

t (
m

m
)

No. 3 (Water level 70 cm)
No. 4 (Water level 70 cm)

R
ei

nf
or

ce
d

U
nr

ei
nf

or
ce

d

Po
ro

us
 C

on
cr

et
e

W
al

l N
o.

 3
 a

nd
 4

Fig. 8 Comparison between surface settlements for cases III and IV

224 A. Chinkulkijniwat and S. Yubonchit



References

AASHTO (2002) Standard Specifications for Highway and Bridge, 7th

edn. American Association of State Highway and Transportation

Officials, Washington, DC

Shibuya S, Kawagushi T, Chae J (2007) Failure of reinforced earth as

attacked by typhoon no.23 in 2004. Soils Found 47(1):153–160

Shibuya S, Saito M, Torii N, Hara K (2009) Mitigating embankment

failure due to heavy rainfall using L-shaped geosynthetic drain

(LGD). In: Proceedings of prediction and simulation methods for

Geohazard mitgation, Kyoto, Japan. pp 229–306

Deformation Behavior of Mechanically Stabilized Earth Walls with Geocomposite. . . 225



Loess Landslides Respond to Groundwater Level
Change in Heifangtai, Gansu Province

Ying Dong, MaoSheng Zhang, Jie Liu, Pingping Sun, and Jun Jia

Abstract

Change in the ground water level induced by irrigation is a vital factor to geological hazards

in Heifangtai areas. Based on the loess water system affecting the stabilities of slopes the

most, the evolutionary process of groundwater system induced by irrigation is analyzed,

and the relationship of the evolutionary process with occurrence frequency and volume of

loess landslides are analyzed comparatively. It indicates that four times sliding have

happened since people started irrigation in this area. It shows that groundwater level will

continuously go up if present irrigation volume is maintained. Loess landslides may move

repeatedly because the volume of shearing-tension plasticity areas enlarges significantly.

For this reason controlling the groundwater level can be a significant measure to protect

slopes from moving.

Keywords

Heifangtai � Groundwater � Landslide of loess � Couple analysis

Introduction

Groundwater is a vital factor to landslides. Statistics show

that 80–90 % landslides are prone to move due to water

(Derbyshire et al. 1994). More than 90 landslides are

described in detail in the Landslides in China-selected
(Derbyshire 2001), in which 95 % landslides are susceptible

to groundwater. The groundwater level rises continuously

because of irrigation, which increases self-weight of slopes

and decreases shear strength of loess. Therefore loess slopes

may be susceptible to groundwater, even cause to movement

(Derbyshire 2001; Dong et al. 2013; Lu et al. 2009; Oda

1986; Sun et al. 2013).

This area has more than four decade irrigation history. It

began to irrigate since the year of 1968, diverting water from

the Yellow River. The groundwater level goes up continu-

ously because of irrigation, which increases self-weight of

slopes and decreases shear strength of loess. Therefore loess

slopes are susceptible to groundwater dynamic field and

stress field. Based on the loess water system affecting the

stabilities of slopes the most, the evolutionary process of

groundwater system induced by irrigation is analyzed, and

the relationship of the evolutionary process with occurrence

frequency and volume of loess landslides are analyzed com-

paratively. It can provide support for geological hazards

forecasting and comprehensive treatment.

Irrigation and Groundwater Level

Hydrogeological Condition

In this area 14 hydrogeological drills have been completed

successfully, which are located in Chenjia village, Zhuwang

village and Jiaojiaya, respectively. The geological structure
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has been identified by combining hydrogeological survey

with height measurement of a number of geological

outcrops, which consists of loess, silty clay, sand and gravel

and cretaceous sand-mud stone from top to bottom. As

tectonic structure does not exist in this study area, the

hydrogeological structure is made up of three aquifer

systems, including holes and fractured unconfined loess

aquifer, holes and sand gravel aquifer and fractured rock

aquifer (Fig. 1). The unconfined loess aquifer is the predom-

inant research object.

Irrigation History

There were no people lived in the study area. The residents

were relocated from Liujiaxia, Bapanxia and Yanguoxia

reservoirs from the 1963. At present there are four villages

with a population of 4,028, a large proportion of the areas have

been reclaimed to farmland tomeet the demand of living. From

1966 to 1969, three irrigation projects have been implemented

by the local government, diverting water from the Yellow

River. The planned extracted water volume is 1.22 m3/s and

the actual extracted water volume is 2.115 m3/s. The total

irrigation area is 7.0528 km2. After the projects, it started to

broaden irrigation, which is still using today.

According to statistics, the annual extracted water volume

is 722 � 104 m3 in 1980s, it was 576 � 104 m3 in 1990s.

Recently Heifangtai has become a crucial area, focused

on planting vegetables and fruits. The demand for irrigation

volume has become increasingly large because they have

planted not only wheats and corns but also vegetables and

fruit trees, which need more water. Based on the recent

survey results, there are four main canals with 7.05 km

length, and 15 branch canals with 32.84 km length. They

irrigate seven times a year, including spring irrigation, win-

ter irrigation and seedling irrigation. The irrigation volume

varies with water demand of plants and precipitation.

Groundwater Level Changing

A numerical model has been built up to analyze groundwater

dynamic field, which shows precipitation is the only

recharge source before irrigation. According to groundwater

dynamic field, simulated with steady flow, unconfined water

in loess distributes discontinuously. Groundwater almost

does not exist around the terrace except those in the lower

parts (Fig. 2).

The groundwater level rises continuously along with irri-

gation. In 1970, groundwater exists in the bottom of the

terrace, and springs were observed around the terrace. The

balance model indicates the volume of loess and fracture

springs are 230 m3/day and 185 m3/day, respectively, with a

total of 415 m3/day.

As the volume of springs becomes larger, obviously, the

storage volume becomes smaller than before (Table 1 and

Fig. 3).

As Fig. 4 shows, groundwater level increases succes-

sively from 1968 when they started to irrigate. Before irriga-

tion, it was lower than the bottom of aquifer, and the

groundwater was distributed less and only at terrace center.

Few landslides moved. After 2 years, groundwater

distributed widely and successively at the terrace. The

increased height gradually reduced along with irrigation

time and discharge.

Figure 5 shows the groundwater variation curve in the

center of the terrace. The accumulated height is about 15 m

from 1968 to 1990, with an increasing rate of 0.57 m/a. After

1990, the increasing rate is 0.25 m/a, with an accumulated

height of 20 m from 1990 to 2012.

Groundwater Level and Landslides

Since the year of 1980, sliding occurred in Heifangtai

approximately 50 times. Those slides were of mainly small

and medium size; small ones account for 53 %, medium ones

account for 35 % and large ones like cretaceous rock

landslides account for 12 %. The maximum volume is up

to 400 � 104 m3. Huangci landslides moved many times;

the accumulated volume is more than 1,000 � 104 m3.

Rockslides are featured by large volume and low speed, so

they can be technically monitored. However, loess

landslides are featured by small volume, fast speed and

long movement which are susceptible to groundwater level

and lead to more serious damage. So loess landslides are the

main subjects studied by researchers.

As shown in Fig. 6, it has a positive correlation between

groundwater level and landslides numbers. After irrigation

started in Heifangtai, the groundwater level increased con-

tinuously, with an increase of 9 m in 1980 and 20 m in 2012.

In the 1980s landslides moved once per year in average,

while in the 1990s the frequency increased to 2–3 times

per year. Likewise, it increased to 3–4 times per year, in

2007, with the maximum frequency of five times.

loess

clay
cobble and gravel

sand-mudstone

Recharge

leakage
DrainDrain

Drain

Fig. 1 Schematic diagram of hydro-geological structure
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The average volume of landslides decreased with an

increase in water level. In 1980s annual average volume of

landslides was 90 � 104 m3/a, which has decreased to

50 � 104 m3/a in 2000 and 28 � 104 m3/a after 2001. As

the increased water level reduced the stability of slopes,

frequency of landslide increased. The slopes became gentler

after movement and potential sliding surface gradually

moved to backwards, which will be confirmed in the follow-

ing calculation.

Selecting Jiaojia No.9 landslide as an example, it moved

many times after the initiation of irrigation from 1968. It is a

typical loess landslide which consists of loess, silty clay,

sand and gravel, and cretaceous sand-mud stone from top to

bottom. Groundwater discharges at the base of loess and

develops a multi-period and long-distance landslide. The

stability of this landslide under different water levels is

calculated using Geoslope software and Morgenstern and

Price calculation method (Fig. 7).
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Table 1 Changes of the spring volume and storage volume

Year Spring volume (m3/day) Storage volume (m3/day)

1980 1,310.17 922.53

1990 1,723.84 528.86

2000 1,958.60 314.10

2010 2,090.27 202.43

 Spring Flow in loess 

Time

Spring Flow 

 Spring Flow in Sand 

Storage increase

Storage increase

Fig. 3 Changes of water balance
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During the first period (1968–1983), as irrigation started

in 1968, groundwater level went up continuously. The cal-

culated factor of safety of this typical landslide declines

from 1.3 to 1.0, showing that it is prone to movement.

During the second period (1983–1996), the slope became

gentler and stable after previous movement. However water

level went up again along with irrigation, it is prone to move

again. The back of the slope is vertical and the foot is lower.

The sliding surface move backward. The third period

(1997–2005) and the fourth period (2006–2012), the sliding

surface continue to move backward. Those movements of

this typical landslide can be attributed to increased water

level (Fig. 8).

Trend Prediction

Under present irrigation condition, groundwater dynamic

field ha\ been predicted. The prediction result shows that

the ground water level is not stable and the water level

increases continuously up to 2020. However the rate of

increment rate in different part varied. They are 0.11 m/a,

0.09 m/a, and 0.08 m/a at east, middle and west part, respec-

tively, showing maximum in the east part. The eastern part

the recharge source consists of not only precipitation and

infiltration water from irrigation but also the side flows.

Changes of the zones for shear and tension failure around

the terrace can be obtained by performing coupling model

calculations for different times. As Table 2 shows, the

volume of shearing-tension plasticity areas enlarges year

by year. The volume of shearing plasticity area will increase

by 42.46 % in 2015 and 67.36 % in 2020, compare to 2010.

The volume of tension plasticity area will increase by

107.11 % in 2015 and 121.11 % in 2020, compare to 2010.

Especially, after 2015, the volume of shearing-tension plas-

ticity areas will enlarge seriously. Overall shearing failure

can be the main reason for deformation of slopes.
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Conclusion

1. In the study area, groundwater distributed discontinu-

ously before irrigation; however it overflowed at the

bottom of loess aquifer after 2 years. Groundwater level

went up successively along with irrigation.

2. The occurrence frequency and volume of landslides are

susceptible to groundwater level. The increase in water

level reduces the stability of landslides and the backsides

of the slopes move backwards continuously.

3. Under present irrigation condition in the study area, water

level rises continuously, enlarging the shearing-tension

plasticity areas enlarge. Therefore, controlling the

groundwater level is a significant measure to protect

landslides from moving.

References

Derbyshire E (2001) Geological hazards in loess terrain with particular

reference to the loess regions of China. Earth-Sci Rev 54(1):231–260

Derbyshire E, Dijkstra TA, Smalley IJ, Li YJ (1994) Failure

mechanisms in loess and the effects of moisture content changes

on remolded strength. Quaternary Int 24:5–15

Derbyshire E, Meng XM, Dijkstra TA (eds) (2000) Landslides in the

thick loess terrain of north-west China. Wiley, Chichester

Dong Y, Jia J, Zhang MS (2013) An analysis of the inducing effects of

irrigation and the responses of loess landslides in Heifangtai area.

Geol Bull China 32(06):893–898

Lu N, Godt JW, Wu DT (2009) A closed-form equation for effective

stress in unsaturated soil. Water Resour Res 2010(46), W05515.

doi:10.1029/2009WR008646

Oda M (1986) An equivalent continuum model for coupled stress and

fluid flow analysis in jointed rock masses. Water Resour Res 22

(13):1854–1865

Sun PP, Zhang MS, Dong Y (2013) The coupled model of seepage-

stress at Heifangtai terrace, Gansu province. Geol Bull China 32

(06):887–892

Yin YP (2007) Landslides in China-selected. China Land Press, Beijing

Zhang MS (2013) Formation mechanism as well as prevention and

controlling techniques of loess geo-hazards in irrigated areas: a

case study of Heifangtai immigration area in the Three Gorges

Reservoir of the Yellow. Geol Bull China 32(06):833–839

Zhang DX, Wang GH, Lou C (2009) A rapid loess flow slide triggered

by irrigation in China. Landslide 6:55–60

Table 2 Changes of the zones for shear and tension failure around the

terrace

2010 2015 2020

The volume of shearing

plasticity area (104 m3)

7.23E + 04 1.03E + 05 1.21E + 05

The volume of tension

plasticity area (104 m3)

4.50E + 03 9.32E + 03 9.95E + 03

Loess Landslides Respond to Groundwater Level Change in Heifangtai, Gansu Province 231

http://dx.doi.org/10.1029/2009WR008646


Part II

Application of Numerical Modeling Techniques to
Landslides



Introduction: Application of Numerical Modelling
Techniques to Landslides

Marc-André Brideau

Abstract

Numerical modelling techniques can be used in conjunction with detailed site investigation

and slope monitoring to gain a better understanding of the factors controlling the deforma-

tion or failure mechanism of a particular slope. A wide range of numerical modelling

techniques are also available to assess the post-failure behaviour of mass movements. The

numerical modelling techniques for the pre- or post-failure behaviour of a landslide can be

based on empirical relationships, continuum mechanics, or discontinuum mechanics. These

techniques have been calibrated based on numerous back-analysis of various mass move-

ment types and can now be used as a numerical laboratory to evaluate the mechanical

behaviour of landslide for a variety of scenarios.

Keywords

Numerical modelling � Analytical solution � Slope stability � Contributing factors

A wide range of numerical modelling techniques are now

available to landslide practitioners. This session focuses on

how these tools can be used to increase our knowledge of the

processes leading up to slope failures and their travel

distance once they have initiated. Numerical modelling

provides the opportunity to test competing hypotheses and

conceptual models. This session covers applications of

numerical modelling techniques to landslides and unstable

slopes in rock, soil, and mine waste materials. Nine papers

were accepted into the session for oral or poster presentation.

They present a wide range of numerical modelling

techniques applications, from fundamental research in

landslide science, to evaluating mitigation options, in the

support of civil and mining engineering design. Case studies

demonstrate how field monitoring, detailed mapping and

laboratory testing can be used in conjunction with numerical

modelling to constrain the failure and emplacement

mechanisms. Four papers investigate the contributing and

triggering factors to the development of slope instabilities

(Agliardi and Crosta 2014; Jiang et al. 2014; Tiwari et al.

2014; Wakai et al. 2014), three papers assess the influence of

anthropogenic modification to the landscape on slope stabil-

ity conditions (Chen et al. 2014; Hu et al. 2014; Twin et al.

2014), one paper looked at a methodology for optimizing

computing resources in seismic dynamic loading analysis

(Chen and Hu 2014), while another paper look at advanced

constitutive criterion to better understand the progressive

natures of two slope failures (Frigerio et al. 2014). The

authors applied a range of one-, two- and three-dimensional

analytical solutions, limit equilibrium, finite element, and

distinct element codes to their respective projects. This

collection of papers demonstrates that a wide range of

techniques can be used to further our understanding of land-

slide hazards associated with natural and man-made slopes.
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Numerical Simulation on the Deformation and
Failure of the Slope Treated by Building by Cave
Dwellings

Chunli Chen, Kai He, and Tonglu Li

Abstract

There are a large number of cave dwellings existing in the loess area. Building houses at the

base of slope by the cave dwellings lead to the instability of numerous slopes, resulting the

loss of large number of properties. Building houses by the cave dwellings is quite popular in

the loess area, therefore, it is important to conduct stability analysis on this kind of slopes.

This article focuses on a typical slope selected in North Shaanxi, the stress and strength

variation trend on the critical slip surface for five scenarios such as the natural slope,

artificial cut slope, cave dwellings constructed on the foot of the slope, building houses by

the cave dwellings for short and long term are studied and the deformation failure

mechanism of the slopes are investigated. The result shows that construction by cave

dwellings increases the water content of loess, which changes the distribution of stress in

the middle and the foot of the slope. And finally the failure of slope occur by the cave

dwellings collapse when the sliding force at the bottom of the critical slip surface exceeds

the shear resistance.

Keywords

Loess slope � Cave dwelling � Building by cave dwellings � Moisture content changes

Introduction

Ravines are arranged in an intersecting pattern in the loess

plateau and most towns are located in the loess gullies.

Since ancient times, the local citizens developed the habit

and custom to cut slopes to build cave dwellings due to

the lack of homestead land (Ren 1989; Hou and Wang

1999; Zhang and Li 2011; Li et al. 2011). Many scholars

have carried out studies on aspects of environmental engi-

neering problems of cave dwellings, cave dwelling struc-

tural design, cave dwelling collapse mechanism etc. (Chen

et al. 1994; Lei and Wei 1998; Wu et al. 2005; Huang

et al. 2008). The recent detailed investigation on

geological disasters indicates that with the increase in

people’s living standard in the loess area, they have

begun to abandon the cave dwellings and live in

buildings. Due to restriction by the terrain conditions,

they often build houses at the foot of slopes neighbouring

the old cave dwellings in order to maximize the limited

space. Such slopes for building houses by the cave

dwellings have extremely high potential slope stability

hazard, yet there are many similar working conditions in

the loess area region that are severely threatening life and

property safety of the households at the foot of slopes.

Therefore, it is urgent to carry out stability analysis on the

loess slopes with building by cave dwellings. This paper

selects a typical slope with buildings by cave dwellings as

the focus of the study to carry out analysis and discussion

on the deformation and failure of such slope using numer-

ical simulation.
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Study Area Geometry and Ground Conditions

The height of the slope selected for the paper is 35 m. The

upper crest is 45� with height of 15 m and width of 12 m. The

height of the lower perpendicular slope is 20 m. There are

three cave dwellings built at the foot of the slope. Currently

there is a two-storied houses under construction on the front

of the slope with a distance from the foot of slope of 3 m.

The soil mass of the slope is Q3 loess, and the upper part of

the slope body is well covered with vegetation (Fig. 1).

Field investigation of the slope shows that construction of

the building has blocked out the sunshine. It is dimmer and

damper at the foot of the slope at the rear side of the building

than other locations. Furthermore, the cave dwellings at the

foot of the slope are mainly used for storing sundries and it is

humid inside. There are no reinforcement and drainage

measures on the slope.

Modelling and Calculating Parameter Selection

In order to predict the stability under the long-term effect of

the buildings on the front of the slope, the in situ original

loess is taken to make the soil samples humidified according

to the water ratio near the cave dwellings in the shade of the

building to measure the physical and mechanical parameters

of the loess under the natural state, the slightly wet state and

the wet state (Table 1).

In order to analyze the impact of cut slope, constructing

cave dwellings and building by cave dwellings on the stabil-

ity of the slope, three computation scenarios for natural

slope, artificial cut slope and cave dwellings constructed on

the foot of the slope are investigated based to the terrain of

actual site survey (Fig. 2). The modeling material of the

module is Q3 loess. According to field investigation results,

strength of loess with different loess moisture contents are

considered, such as the natural state, the state of the initial

period and a long-term after the building has been present in

front of the cave dwelling (Table 1). The finite element

software MIDAS/GTS is used for numerical simulation of

five working conditions: natural slope, cut slope, slope with

cave dwelling, the initial period after the cave dwellings has

been built (initial period) and long term period of time since

the building of the cave dwellings. Locating the critical

failure surface was done using the shear strength reduction

method.

Result Analysis

Factors of safety for various states of the slope are obtained

using the finite element modelling (Table 2). Results are

further analysed based on two typical sections, Section A

is in the middle of the cave dwelling and Section B is the

area between two cave dwellings. The calculated normal

stress, shear stress and shearing strength of the two cross

section to get the stress distribution on the critical slip

surface for the slope under various working conditions

(Figs. 3, 4, 5, 6, 7, where the x-axis indicate the length of

the potential slip surface along the profile direction. The

length of the most critical slip surface in Section A is as

short as 56 m due to the excavation of the cave dwelling).

It is observed from the result of the 3D finite element

modeling that the stability factor of the slope gradually

decreased with development and length of development. At

the beginning of building by cave dwellings, the stability

factor drops to 0.99 and the slope is in a critical state. Under

the state of long-term shading of the building, the slope

stability will be further decreased and tend to be unstable.

Under the natural state, stress distributions in the two

cross sections are basically the same. The normal stress

and the shear stress from above to below along the slip

surface increase constantly and the shear stress is always

lower than the shearing strength, so the slope is stable

(Fig. 3). After slope cutting, the stress on the two cross

sections is 100 kPa lower than that under the natural state.

The trends of stress variations on the two cross sections are

basically consistent. The normal stress within 10 m from the

free face is unchanged but the shear stress is slightly

decreased. This is attributed to the unloading of the free

face after excavation (Fig. 4). After cave dwelling is

excavated at the foot of slope, the normal stress and shear

stress in the middle of the critical slip surface in Section A

are kept unchanged compared to those before building

the cave dwelling. The normal stress and shear stress 15 m

from the free face are drastically reduced, indicating that

Fig. 1 Topographic map for the slope
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the soil mass is unloaded from the excavation of the cave

dwelling (Fig. 5a), whereas the stress on the cross section

between two cave dwellings changes greatly. The normal

stress and the shear stress values increased sharply some

15 m from the free face and the growth rate is as high as

two times, which is related to the stress concentration in

the soil mass between two cave dwellings after excavation

(Fig. 5b). After constructing the building by cave dwellings,

Table 1 Physical and mechanical parameters of loess

Soil Sample State

Moisture content

ω (%)

Unit weight

γ(kN · m�3) C (kPa) Φ (�)
Elasticity modulus Es

(Mpa)

Poisson’s
ratio (μ)

Natural slope 10.5 17 64.8 34.6 100 0.3

Slightly wet (The early stages of the

building)

15.3 18 26.9 31.9 70 0.3

Wet (After building for a long-term) 27.9 19 19.0 29.5 50 0.35

Fig. 2 3D model geometries used in finite element numerical simulations

Table 2 Factors of safety for the various states of the slope

Slope state Natural slope Cut slope Slope cave dwelling Building constructed (initial period) Building constructed (long period)

FOS 1.71 1.16 1.01 0.99 0.94

Fig. 3 Stress distribution on the critical slip surface of the natural slope. (a) Section A, (b) Section B
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it shades the sunshine and blocks the wind, moisture content

in the soil mass increases. This increases in moisture content

in the 3D model after construction of the cave dwellings uses

the mechanical parameters under the slightly wet state

(Table 1), owning to the increasing in moisture content and

soil mass density, normal stress and shear stress of the soil

mass are slightly increased. As a results, the shearing

strength is decreased, the shear stress in the lower part of

the critical slip surface is closer to the shearing strength

(Fig. 6). The soil is thought to be getting wetter as the time

since building increases, the mechanical parameters used for

that scenario are under the wet state in Table 1. The results

show that the normal stress and shear stress in the cross

section between cave dwellings increases markedly, whereas

the shearing strength declines sharply, and the shear stress

in the middle of the critical slip surface is basically equal

to its shear strength. The shear stress on the lower part of

the critical slip surface is far higher than its shear strength

Fig. 4 Stress distribution on the critical slip surface behind the artificial cut slope. (a) Section A, (b) Section B

Fig. 5 Stress distribution on the critical slip surface behind the cave dwelling. (a) Section A, (b) Section B

Fig. 6 Stress distribution on the critical slip surface after the cave dwelling is slightly wet. (a) Section A, (b) Section B
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(Fig. 7). Then the slope stability factor is 0.94 and the slope

will be damaged.

Conclusions and Recommendations

With the progress of manual excavation activities, the

stability of the slope is constantly decreasing. After the

cave dwellings are constructed, the slope is in a margin-

ally stable condition. Once the dwelling is built, it blocks

the sunshine which leads to an increase in moisture con-

tent in the soil mass. With the moisture content in the soil

of the foot of the slope increasing, slope stability will be

gradually decreased and eventually it will cause the entire

slope lose stability.

Slope failure can be analysed according to stress-

strength relationship analysis for the critical slip surface

on the two typical cross-section where the destruction of

the cut slope will be started from cave dwelling collapse.

As the cave dwelling is located on the foot of the slope,

once the cave dwelling collapses, the slope will slide

down rapidly which is require personnel evacuation. As

such it is necessary to ensure stability of the cave

dwellings to in turn ensure the stability of the slope.

Based on field investigation similar slope conditions in

the loess area region are common and their stability need

great attention. It is recommended to take measures such

as proper backfilling or adding reinforcement supports for

the abandoned cave dwellings. Building by cave

dwellings shall ensure that the buildings and foot of the

slope have reasonable setback distance while taking rea-

sonable precaution to control water discharge and drain-

age measures to keep the soil mass of the slope dry to

promote the stability of this type of slope.

References

Chen Z, Zhou J, Wang H (1994) Soil mechanics. Tsinghua University

Press, Beijing

Hou J, Wang J (1999) China cave dwellings. Henan Science and

Technology Press, Zhengzhou

Huang Y, Zhang R, Wang J (2008) Geohazards threatening cave

dwellings in loess hilly areas of northern Shaanxi, China. Geol

Bull China 27(8):1223–1229

Lei X, Wei Q (1998) Study on the origin and counter measure of the

casualty loess landfalls in the Northern Shaanxi. Chin J Geotech

Eng 1:64–69

Li B, Yin Y, Wu S (2011) Basic types and characteristics of multiple

rotational landslides in loess. J Eng Geol 19(5):86–96

Ren Z (1989) The spring of China cave dwelling construction. Under-

ground Space 4

Wu C, Gan Z, Meng C (2005) Stability of cave dwelling of loess hills in

north part of Shaanxi province. J Shaanxi Normal University (Nat-

ural Science Edition) 33(3):119–122

Zhang M, Li T (2011) Triggering factors and forming mechanism of

loess landslides. J Eng Geol 19(4):86–96

Fig. 7 Stress distribution on the critical slip surface after the cave dwelling is wet. (a) Section A, (b) Section B

Numerical Simulation on the Deformation and Failure of the Slope Treated by Building. . . 241



Long- and Short-term Controls on the Spriana
Rockslide (Central Alps, Italy)

Federico Agliardi and Giovanni B. Crosta

Abstract

Deep-seated rockslides in alpine valleys involve huge volumes and evolve over a long time

under the action of multiple triggers. Scenario assessment and early warning systems based

on monitoring activities are often the only effective ways to mitigate related risks, and

require a sound understanding of complex interacting controls. We discuss the Spriana

rockslide, affecting the left-hand flank of Val Malenco (Italian Central Alps). Documented

rockslide activity dates back to 1912, with major acceleration stages in 1960 and

1977–1978 and later minor reactivations. The rockslide is a compound slide involving up

to 50 Mm3 of slope debris and fractured rock, with a basal failure zone up to 90 m deep and

two main scarps. Rock mass characterisation based on laboratory and field analyses

provided inputs to 2D Finite-Element modelling of long-term slope evolution. The results

allowed re-evaluation of the mechanisms of the Spriana rockslide, accounting for both

long-term controls related to valley deglaciation and the short-term complexity of ground-

water response to rainfall inputs. We suggest that modelling long-term slope evolution may

be required to correctly understand large rockslides in changing geomorphic systems.

Keywords

Rockslide � Site investigation � Monitoring � Finite-Element modelling

Introduction

Complex, deep-seated rockslides in formerly glaciated valleys

frequently threaten urbanized areas and infrastructures in

alpine areas, including hydro-power plants and transportation

corridors. These rockslides show peculiar morpho-structural

and kinematic features, generally related to their scale, and are

often associated with giant, long-lasting deep-seated gravita-

tional slope deformations (Agliardi et al. 2012). These com-

plex rockslides reach up to several tens of millions cubic

meters and affect steep slopes up to 1,000 m high. This results

in a significant interplay of rock slope instabilities with large-

scale geological features (e.g. stratigraphy, folds, faults, master

joints), acting as constraints on rockslide geometry and

kinematics.

The long history, large scale, and geometrical and

geomechanical complexity of these phenomena result in

complex onset and evolutionary mechanisms. They take

place over hundreds or thousands of years in changing geo-

morphic settings under the action of multiple triggers. These

include post-glacial debuttressing and associated rock mass

strength degradation, fluvial toe erosion, rainfall or snow-

melt and related groundwater changes, reservoir level

fluctuations, and the onset of progressive failure processes.

Forecasting the evolution of these landslides is difficult, due

to their nonlinear displacement trends and the complex

superposition of seasonal effects. Large rockslides can

exhibit accelerating creep-type behaviour, eventually lead-

ing to catastrophic failure (Crosta and Agliardi 2003; Rose

and Hungr 2007) or show viscous-type relationships

(Secondi et al. 2013) between displacement rates and
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seasonal or episodic change in external forcings (e.g. rain-

fall, snowmelt). The very different observed evolutionary

styles of large rockslides (slow vs. catastrophic, continuous

vs. episodic) depend on the observation time window, the

seasonality of external actions, and whether a critical accel-

eration stage and/or a critical cumulative displacement or

strain level are actually attained in the involved rock masses

(Bonzanigo et al. 2007).

Since different rockslide behaviours require different risk

management strategies, proper evolution models and moni-

toring parameters are required to define warning criteria.

Nevertheless, any predictive tool (e.g. mathematical models

calibrated and updated using field measurements,

monitoring-based empirical or analytical alert thresholds)

must rely on a sound knowledge of controls and triggers

governing rockslide onset and evolution in time. Here we

discuss the Spriana rockslide case study, and use Finite-

Element numerical modelling to integrate available data

and provide an evolutionary model accounting for the

complex interplay of long-term and short-term controls on

slope evolution.

The Spriana Rockslide

The Spriana rockslide (Fig. 1) affects a steep slope on the

left-hand flank of the Val Malenco (Valtellina, Italian

Central Alps), a few kilometres north of Sondrio. The

slope was carved by glacial erosion in strongly deformed

granitic to granodioritic gneisses and epidote-amphibole

schists and calcschists, belonging to the “Monte Canale”
tectono-metamorphic unit (Austroalpine Bernina nappe).

The rocks underwent greenschist facies metamorphism and

severe ductile deformation during the Variscan orogeny,

with a minor Alpine metamorphic overprint within low-

grade shear zones along unit margins (Trommsdorf et al.

2005).

The rockslide extends from 550 m a.s.l. up to 1,400 m a.s.

l. over an area of about 0.5 km2 (Fig. 2). Although slope

instability of the lower slope sector had already been men-

tioned in 1878, the first well documented evidence of land-

slide activity dates back to 1912, when a shallow

hydroelectric derivation tunnel (Figs. 1 and 2) came into

operation and two springs appeared below the village of

Cucchi. Between 1912 and 1927, shallow landslides involv-

ing scree and glacial deposits were triggered by heavy rain-

fall, although the southern segment of the tunnel had been

moved deeper into the slope. In autumn 1960, during excep-

tionally long-lasting rainfall, global slope instability

retrogressed upslope to 1,160 m a.s.l., causing the evacua-

tion of the villages of Cucchi and Case Piazzo. The rockslide

underwent further major acceleration stages during the sum-

mers of 1977 and 1978, when the upper scarp appeared at

1,400 m a.s.l. (Fig. 1). Then, the possibility of massive

catastrophic slope failure threatening the Sondrio urban

area motivated extensive geotechnical site investigation

and slope monitoring activities, carried out in 1978 (Cancelli

1980) and 1989 (Belloni and Gandolfo 1997). Site

investigations included 20 boreholes with complete core

logging, a 150 m long horizontal exploratory adit at

1,040 m a.s.l. near the Case Piazzo village (Figs. 1 and 2),

and 5 refraction seismic lines. A monitoring network was

also progressively installed and automated, including

piezometers (standpipe and multipoint cells), borehole

inclinometers, surface wire extensometers, a topographic

network made of optical reflectors, hydro-meteorological

stations, and a chain of six wire extensometers installed

within the exploratory adit (locations of measuring devices

considered in this paper are shown in Figs. 1 and 2).

We re-analysed site investigation and monitoring data

collected since 1978 (Fig. 2), previously reviewed by

Fig. 1 Rockslide location (top), and view and main features (bottom)
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Belloni and Gandolfo (1997). According to available infor-

mation, the Spriana rockslide has been interpreted as a

compound slide (i.e. mixed translational-rotational) involv-

ing up to 50 Mm3 of slope debris and fractured rock with a

basal failure zone 60–90 m deep, potentially daylighting at

about 700 m a.s.l. (i.e. 150 m above the valley floor). The

development of main scarps at 1,160 m and 1,400 m in

successive stages (1960 and 1978, respectively) and the

discovery of an older (post-Last Glacial Maximum) scarp

above 1,600 m (Fig. 1) support the hypothesis of progressive

slope failure over a long time.

Below the lower scarp, the instability affects both slope

deposits up to 30–40 m thick and the underlying rocks,

whereas in the upper part of the slope fractured rock masses

are mainly affected. The bedrock is made of gneiss, classified

according to the Rock Quality Designation (RQD) rating into

“undisturbed” (RQD > 90), “fractured” (50 < RQD < 90),

“heavily fractured” (with preserved texture; RQD close to 0),

and “disintegrated” (Belloni and Gandolfo 1997).

Correlating disintegrated gneiss layers and surface

features allowed us to infer the geometry of the main failure

zones (Fig. 2). Borehole inclinometer data revealed minor,

shallower sliding zones occurring inside the sliding rock

mass and at the slope debris-bedrock interface (12–35 m in

depth). Thick bands of disintegrated, highly weathered

gneiss and silty-sandy gouge dipping to the WSW were

also observed and sampled in the exploratory adit at the

inferred location of the rockslide main failure zone

(Fig. 2). These bands roughly follow structural lineaments

(i.e. faults, master fractures) observed at the slope scale, and

could either represent breccia and gouge materials associated

with the gravitational reactivation of pre-existing fractures or

the products of severe weathering along major discontinuities,

as suggested by the local preservation of pre-existing fabric

(i.e. foliation, folds). Heavily fractured gneissic rock masses

were found well below the inferred rockslide basal zone up to

depths exceeding 120 m, suggesting that weak/disturbed rock

masses existed before rockslide onset. Groundwater data

derived from borehole drilling records and piezometers sug-

gest that a perched water table, connecting to a deep one near

the slope toe and characterised by average annual fluctuations

in the range 1–1.5 m, occurs within this near-surface fractured

zone (Fig. 2).

While early observations and sparse topographic surveys

carried out since 1963 allowed the detection of only major

rockslide events, systematic displacement measurements

deployed since 1978 (topographic only; low measurement

frequency) and 1990 (automatic monitoring network

operated by ARPA Lombardia) provided time series for

quantitative analysis.

Monitoring data revealed continuing, slow rockslide

movements (average rates: 0.4–3 cm/a), with sudden accel-

eration stages (1977, 300 cm/a; 1993, 9.7 cm/a; 1996, 20 cm/

a; 2001, 14 cm/a). This has been confirmed by PS-InSAR

satellite interferometry (TRE s.r.l.-Regione Lombardia),

providing average displacement rates of 0.5–2.5 cm/a since

Fig. 2 Geological model of the Spriana rockslide, derived by the

integration of available investigation data. The locations of selected

monitoring devices providing data in Figs. 5 and 6 are also shown

(E102, E105 and E106 wire extensometers; exploratory adit hosting a

chain of six wire extensometers; PZ106 piezometer)
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1990. Significant rockslide activity continued after the

hydroelectric derivation tunnel had been waterproofed in

early 1978, suggesting that water leakage may have

contributed to, but not dominated global slope instability.

Cumulative rockslide displacement had exceeded 2 m in

1977–1978 and reached 5 m in the 1977–2007 period. This

correspond to a total deformation (ΔL/L; where L is total

landslide length) of about 0.4 %, although morphological

evidence (post-Last Glacial Maximum scarp, Fig. 1)

suggests that much higher deformation had been

accumulated by the slope over the long term. The Spriana

slope deformation is thus close to critical conditions, posing

significant risk despite a low-rate of activity.

Long-term Slope Evolution: Numerical
Modelling

Rock Mass Characterisation

We carried out an extensive geomechanical characterisation

of intact rock and rock masses by laboratory testing, core

logging, and field surveys, in order to obtain well-

constrained inputs to numerical modelling. More than 60

intact rock samples were obtained from rock cores drilled

in the rockslide area, and tested under uniaxial compression,

triaxial compression, and indirect tension conditions

(Brazilian tests). Laboratory tests allowed reconstruction of

the stress–strain behaviour and main mechanical properties

of the intact rock, as well as the observation of the fracture

geometry and patterns of the tested samples. Intact rock

revealed quite low and scattered values of unconfined com-

pressive strength and Young’s modulus, and was classified

as medium-low strength rock with an average modulus ratio

(i.e. Et50/UCS) of about 400.

The rock mass was then characterised by geomechanical

logging of available drill cores, allowing classification of

the rock masses in terms of Geological Strength Index,

from which equivalent Mohr-Coulomb c’ and ϕ’ and rock

mass deformation moduli were derived as inputs for

numerical modelling (Table 1).

Finite-Element Modelling: Effects of
Deglaciation on Slope Evolution

In order to gain further insights in the factors controlling long-

term slope evolution, we performed 2D continuum Finite-

Element numerical modelling using the commercial code

Phase2TM (Rocscience Inc.). Preliminary simulations showed

that considering a two-layer slope model, accounting for the

“fractured” gneiss observed in the borehole record below the

rockslide basal failure zone (Fig. 2), is required to obtain

model results (i.e. strain localisation and displacement

patterns) consistent with observed rockslide features.

We attempted to support the hypothesis that a near-surface

fractured gneiss layer existed before rockslide onset

(and controlled its geometry and mechanism) by setting up

a multistage Finite-Element model of the deglaciation

sequence following the Last Glacial Maximum. Model

results (Fig. 3) suggest that post-Last Glacial Maximum

slope debuttressing caused significant tensile and shear

rock mass damage, affecting the slope up to 150 m in

depth (Fig. 3). This may have resulted in enhanced fractur-

ing, strength degradation and increased hydraulic conductiv-

ity in a superficial layer whose extent is fully consistent with

available investigation data.

Finite-Element Shear Strength Reduction
Stability Analysis: Rockslide Mechanism

We performed 2D slope stability analyses based on the two-

layer slope model discussed above, using the Finite-Element-

SSR (Shear Strength Reduction) technique. This allows com-

puting a Finite-Element-based “safety factor” of the slope by
scaling material properties according to a “Stress Reduction
Factor”. Associated stress and displacement fields provide

insight on slope failure mechanism (Fig. 4). Results showed

that unstable conditions (SRF ¼ 0.86) are reached inside the

upper slope layer when a perched water table matching critical

conditions suggested by monitoring data exists. We validated

the results using investigation and field constraints, i.e.

rockslide depth, basal shear zone geometry, daylighting loca-

tion, and displacement patterns. Strain localisation up to the

post-Last Glacial Maximum scarp mapped at about 1,700 m

supports the idea that the Spriana rockslide is part of a larger,

earlier instability started after deglaciation.

Short-term Rockslide Triggering: Monitoring
Data

Data provided since 1990 by the monitoring network

allowed exploring the rockslide response (Figs. 5 and 6) to

external triggers (rainfall, snowmelt).

Table 1 Rock mass properties used in finite-element modelling

Rock mass property

Undisturbed

rock mass

Damaged

rock mass

Intact rock UCS (MPa) 60

Intact rock Et50 (MPa) 23000

Geological Strength Index 58 47

Rock mass cohesion (kPa) 410 260

Rock mass friction angle (�) 37 31
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Rockslide acceleration periods show strong seasonality

(Fig. 5). They generally start during rainy periods and can

last few weeks to several months (Fig. 6). Despite difficulties

related to time lags of rockslide response and “noisy” time

series due to low displacement rates, the analysis of rainfall

and displacement data since 1990 provided interesting insights.

Despite a weak positive correlation between short-term

(daily) rainfall and rockslide displacement rates, significant

accelerating periods (e.g. 1993, 1996, 2001, 2003) were

related to prolonged rainfall, e.g. 7-day rainfall >150 mm

or 30-day rainfall >300 mm.

The aforementioned observations suggest that a certain

amount of groundwater recharge in the near-surface frac-

tured layer must be attained for significant rockslide

accelerations to occur. Figure 6 clearly illustrates this

behaviour for the 2000–2001 period. In spring 2000, rainfall

and snowmelt caused a water table rise <2 m in the middle-

lower slope sector, resulting in a short acceleration period

and minor displacements. Instead, intense and prolonged

rainfall during the autumn 2000 flooding event resulting in

Fig. 4 Stability analysis performed using the FEM shear strength

reduction method (SRF ¼ 0.86). (a) maximum shear strain, showing

the onset of a localised basal shear band; (b) total computed

displacements, fitting the geometry of the Spriana rockslide and the

magnitude of displacements observed in 2001

Fig. 3 Multi-stage FEM modelling of post-Last Glacial Maximum

deglaciation sequence (a), showing the distribution of failed Finite

Elements during (b) and the end of deglaciation (c)
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a water table rise exceeding 3 m (probably also sustained by

snowmelt during the following spring), leading to 7 months

of rockslide velocity increase and cumulative rockslide

displacements of up to 100 mm.

Conclusions

We re-interpreted the evolution of the Spriana rockslide,

accounting for the role and interplay of different controls,

namely: 1) long-term morpho-climatic evolution, includ-

ing post-Last Glacial Maximum deglaciation and

associated rock mass degradation, which possibly led to

an embryonic “pre-Spriana” rockslide; 2) short-term

response of rockslide activity to complex rainfall

patterns, affecting groundwater conditions in fractured

bedrock. The combination of these factors introduces

significant uncertainties in the analysis of complex

rockslides, evolving over timescales of 102–103 years in

complex geological settings and in changing geomorpho-

logical systems. These need to be taken into account

when setting up evolution models for rockslide prediction

and early warning systems.
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Engineering Geology and Numerical Modelling
of a Steep Rock Slope for the Ensi-Qianjiang
Expressway, China

Xiuwen Hu, Doug Stead, Longxiang Zhai, Hongyan Jin, and Dezhi Kong

Abstract

This paper describes the site investigation and engineering geological characterization of

steep engineered rock slopes at the site of a major 280 m single span arch bridge. The rock

slopes comprised predominantly carbonaceous limestone with reduced rock mass quality

due to the influence of faulting and shearing. The carbonaceous limestone occurs as

lenticular bodies with smooth, tectonically disturbed, variably dipping (37�–57�) bedding
planes. The rock slope was excavated to a total height of 90 m, including a bridge

foundation excavation depth of 30 m and a final permanent engineered slope height of

60 m. The engineered rock slope was excavated at 60�–90� and the natural rock slope is

between 50� and 70�. Construction of the bridge foundation required the excavation of

three rock slopes, two perpendicular to bedding and one parallel to the strike of the bedding.

In the two rock slopes excavated perpendicular to bedding, one exhibited potential bedding

plane controlled failure and the other potential toppling instability. The intact rock

properties were characterized using laboratory testing and selected discontinuities tested

in direct shear. Using the derived properties and the results of the engineering geological

X. Hu (*)

Department of Engineering Geology and Geotechnical Engineering,

China University of Geosciences, No. 388 Lumo Road, Wuhan 430074,

China

Department of Earth Sciences, Simon Fraser University, Vancouver,

Canada, V5A 1S6

e-mail: goodhxw@cug.edu.cn

D. Stead

Department of Earth Sciences, Simon Fraser University, Vancouver,

Canada, V5A 1S6

e-mail: dstead@sfu.ca

L. Zhai � D. Kong
Department of Engineering Geology and Geotechnical Engineering,

China University of Geosciences, No. 388 Lumo Road, Wuhan 430074,

China

China Highway Engineering Consulting Corporation, Wuhan, China

H. Jin

The 5th Engineering Co., Ltd., China Railway Major Bridge

Engineering Group, Jiujiang, China

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2,
DOI 10.1007/978-3-319-05050-8_40, # Springer International Publishing Switzerland 2014

251

mailto:goodhxw@cug.edu.cn
mailto:dstead@sfu.ca


mapping numerical modelling was undertaken using a discontinuum model, (UDEC). The

deformation of the rock mass during the stages of excavation was simulated and the results

used to develop plans for safe construction and reinforcement of the rock slopes.

Keywords

Rock slope stability � Engineering geology � Bridge abutment foundation � Discontinuum
modelling

Introduction

Rock slope deformation and failure modes in bedded slopes

are frequently controlled by the spatial relationship between

the bedding planes, joints and faults and the rock slope.

From research on natural rock slopes in the Canadian

Rockies and in order to evaluate high mountain slope

stability Cruden (2000, 2003) divided stratified rock slopes

into cataclinal slopes, subdivided into overdip, underdip and

dip slopes, and anaclinal slopes.

The rock mass structure of a natural slope is sometimes

very complex and subject to a high degree of uncertainty

with new rock slope structures often appearing during

excavation. The combination of discontinuities in a stratified

rock slope and the slope topography determines the mode

of deformation, failure mechanism and the degree of

instability. A good geological slope model is thus

fundamental to accurate assessment of potential slope

deformation and failure. As slope excavation can expose

many important geological features site investigation during

this stage is extremely important in order to collect rock

mass geological information and build a reliable geological

model with reduced uncertainty.

The construction of an accurate slope geological model is

particularly important in order to ensure realistic numerical

modelling. There are currently available numerous types of

two and three-dimensional numerical codes which can be

used to simulate rock slope deformation and failure. The

choice of the numerical method is strongly influenced by

slope geological model and it is important to realise the

limitations and advantages of specific numerical methods.

The two-dimensional distinct element code, UDEC is for

example well suited to rock slopes controlled by

discontinuities (Stead and Coggan 2012; Stead et al. 2006).

Engineering Background

The Longqiao arch bridge is located in Hubei Province,

China and was a key project in the construction of Ensi-

Qianjiang expressway. It was constructed of steel sections

and reinforced concrete with a major 280 m single span and

adjoining spans crossing a 213 m deep valley. The bridge is

approximately perpendicular to the valley with an axis of

orientation of 236�, Fig. 1. The bridge loading was designed

to be transferred to the slope rock mass through an arch

abutment foundation. The study area for this paper is the

No.5 arch abutment slope on the Qianjiang bank of the

valley. The upper-natural slope angle is 25� with mid and

lower-slope angles of between 50� to 70�. Due to excavation
for the abutment foundation for the No.5 arch abutment,

three deep and 60�–90� steep engineered slopes were

formed. The SW slope, parallel to the axis of Longqiao

Bridge, was excavated to a total height of over 90 m and

the SE-NW slopes to a height of 75 m. During slope

excavation, the SW rock slope was excavated in five stages

in order to reduce stress concentrations in the slope and at

same time to allow slope reinforcement by a combination of

cable anchors, rock mesh and shotcrete at each excavation

level. The arch abutment foundation basement is 22 m long

and 6.5 m wide. When it had been excavated to an elevation

of 943 m, the SE upper slope slid down along bedding

planes. When the excavation reached an elevation of

919.66 m, two cracks of about 11.5 m and 7 m in length

occurred in the NWmid- and lower-slopes. In this paper, the

SE-NW slope deformation and stability is studied using

UDEC models. The analysis of SW rock slope stability is

not presented due to the limit of the paper length.

Engineering Geology and Site Investigation

Lithology

The slope rock mass consists predominantly of medium to

thickly bedded carbonaceous limestone with abundant

carbonaceous content and calcite veining, carbon shale and

limestone. The carbonaceous limestone enclosed by the

black solid line in Fig. 1 contains significantly more

carbonaceous shale. The strength of the carbonaceous

limestone and shale are low due to the presence of abundant

carbonaceous material. The carbonaceous materials weather

rapidly and become weak due to the action of water.

Limestone is found to the right of the black solid line near
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the anchor foundation pit and the north tower crane pit.

Highly weathered shale with a high carbonaceous content

and calcite veins of 0.10–0.15 m width exist at an elevation

of 943 m in the arch abutment foundation pit.

Geological Structures

The rock strata have been deformed due to the folding

(Fig. 2). Bedding planes are smooth, striated and coated

with calcite veneers due to the strong folding and shearing

action. Ground investigation showed that bedding

orientations varies with a dip of 37�–57� and dip directions

of 310�–337�. The bedding plane spacing is 0.30–2.00 m.

Two joint sets are present with orientations (dip/dip

direction) of 53�/135� and 84�/59� respectively, a

persistence of 1–2 m and a spacing of 1–2 m. A set of

unloading cracks were observed. When the arch abutment

pit had been excavated to an elevation of 943 m, the

orientations of the bedding planes were measured with a

dip/dip direction of 34�–70� to 320�–345�.
A crushed and sheared zone is located within the blue

solid line shown in Fig. 1. A smooth and striated fault is

exposed in the south tower crane pit shown in Fig. 1 and is

infilled with black rocky debris and clay of about 1–10 cm

thickness and coated with a veneer of calcite. The layer of

black rocky debris and clay disintegrates to a “slimes”
consistency in contact with water. Many well developed

lens shaped bodies composed of carbonaceous limestone

and shale were found in the hanging wall of the fault

indicating that the slope rock mass had been subjected to

intense crushing and shearing due to tectonism. These lens

shaped bodies (Fig. 3) with strike directions of 227�–236�

are sub-parallel to the strike of the bedding planes, tightly

juxtaposed with each other, upright in attitude and coated

with a calcite veneer. They exhibit smooth surfaces with

vertical striations and contain abundant carbonaceous

content. The thickness of each lenticular body is about

0.10–0.30 m (up to 1.00 m) with a height of over 1.6 m.

The core of the lens is made of limestone. Fresh carbona-

ceous limestone lenses of rock are easily broken when

disturbed and rapidly become soft in contact with rainfall.

813.4

810.5

796.1

1010

903.8

Tower crane
foundation pit

Qi
an

jia
ng

1000

Anchorage
foundation

Xu
an

en

0 50m

Excavation boundary
Maokou formation of
Permian

P1m

Sapphire formation of
Quaternary holoceneQ4

el+dl

L e g e n d

Karst cave

Excavation scarp

No.5 arch abutment
foundation pitNo.5 arch abutment

South cable tower
foundation pit

Slope excavation
in 5 stages

aera
noi t a va c x

E
oai qgnoLf o si x A

egdir b

Alluvial and diluvial of
Quaternary holocene

Q4
al+dl

Structure zone

N

North cable tower
foundation pit

No.6 pier

Fig. 1 Engineering geological map of the No.5 arch abutment slope for Longqiao arch bridge, Ensi-Qianjiang expressway, Hubei Province, China

Fig. 2 Observed rock mass structures in the natural slope at the

location of the No.5 arch abutment of Longqiao Bridge. Bedding planes

show varying orientation. Natural slope height is 213 m

Engineering Geology and Numerical Modelling of a Steep Rock Slope for the. . . 253



Slope Geological Models

The relationship between the bedding planes, joint sets and

the two excavated rock slope surfaces are illustrated in

Fig. 4, which shows that the SE and NW slopes are an

overdip slope and an anaclinal slope.

After consideration of the spatial relationships between

the bedding planes, the two joint sets, the unloading cracks

and the excavated rock slopes, geological models of the SE

and NW rock slopes are developed and the geological

sections constructed as shown in Fig. 5. The SE and NW

rock slopes are an overdip slope and an anaclinal rock slope

respectively according to the terminology of Cruden (2000),

Fig. 5. The deformations and stability of these slopes are

controlled mainly by the bedding plane properties.

Physical and Mechanical Properties

It is often extremely difficultly to obtain representative

accurate physical and mechanical properties of

discontinuities such as bedding planes, joints and lens

surface and the intact rock properties of the carbonaceous

limestone, limestone and lens rock. In this paper, uniaxial

compression tests were undertaken on 50 mm diameter,

100 mm high samples of intact carbonaceous limestone to

determine the physical and mechanical properties. Direct

shear tests were conducted on 100 mm � 100 mm samples

of the lens rock surface. The cohesion and friction angle of

the lens surface are 101 kPa and 24�. Based on the slide

failure of the SE upper slope, back-analysis using the

method of Ren et al. (2010) produced bedding plane

cohesion and friction angles of 40.7 kPa and 22�

Fig. 3 Cross sectional view of lens-shaped bodies exposed within the

southern tower crane pit

Fig. 4 Spatial relationship between the bedding planes, joints and the

rock slope. A is the SE slope and B is the NW slope
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respectively. The physical and mechanical properties of the

limestone and lens rock were determined according to

methods outlined in rock mass mechanics (Liu and Tang

1999).

Based on the results of laboratory testing, back-analysis

and reference to the published literature (Liu and Tang 1999;

Xu et al. 1991), the physical and mechanical parameters of

the slope rock mass and the discontinuities properties are

presented in Tables 1 and 2 and were assumed for UDEC

modelling.

Discontinuum Modeling Using UDEC

The slope deformation, failure mechanism and stability of

the SE and NW rock slopes including the steep overdip and

anaclinal slopes shown in Fig. 5 are mainly controlled by

bedding planes as the intersection angle between the dip

directions of the slope and bedding planes are about 10�.
The joints and unloading cracks also have some influence on

the slope deformation. The UDEC models are used to

SE

919.66m

943m

NW

Fig. 5 Rock slope geological model

Table 1 Physical and mechanical parameters of rocks for UDEC modeling

Rock type

Density (kg/

m3)

Tensile strength

(MPa)

Shear strength

Bulk modulus

(GPa)

Shear modulus

(GPa)

Friction angle

(�)
Cohesion

(MPa)

Limestone 2,710 8.0 43 16 20 12

Carbonaceous

limestone

2,645 5.3 37.1 10.6 7.81 3.46

Lens rock 2,510 2.2 28 3.5 2.81 1.3

Table 2 Mechanical parameters of discontinuities

Type Friction angle (�) Cohesion (kPa) Normal stiffness (GPa/m) Shear stiffness (GPa/m)
Bedding plane 20 30 1.13 0.95

Lens surface 22 41 0.713 0.498

Joints 30 340 2 1
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Fig. 6 Instability and stress distributions in the SE and NW slopes of the arch abutment foundation pit at elevation of 943 m (a and b) and 919.66 m

(c and d)
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analyse the slope deformation and changes in stability dur-

ing the slope and foundation excavation construction,

specifically when the excavation depth has reached

elevations of 943 m and 919.66 m, respectively.

Figure 6 shows that sliding failure of the overdip slope

is simulated along the bedding planes after the slope has

been excavated to elevation of 943 m, in agreement with

the site observation shown in Fig. 7. If the overdip slope

is not reinforced, the zone of failure will increase with

increasing pit excavation depth. Figure 6d also clearly

shows the tensile stress concentration zone occurring

along the bedding plane in the mid and lower sections of

the anaclinal slope when the excavation has reached an

elevation of 919.66 m. This agrees with the field

observations of 11.5 m and 7 m long tension cracks

along bedding plane in the NW slope at elevations of

925.663 m and 931.663 m, respectively, Fig. 8.

Failured zone

Bedding plane

Fig. 7 Sliding failure of the SE slope occurred along a bedding plane

when the arch abutment foundation pit had been excavated to an

elevation level of 943 m.

Crack 2: 925.663 m
Crack 1: 931.663 m

a

c

b

Tension crack

Tension crack

Failure zone

SE
NW

Fig. 8 Rock slope deformation and failure due to excavation of the

No.5 arch abutment foundation pit. (a) The SE slope slid along bedding

planes and the NW slope showed minor flexural toppling on bedding

when the excavation had reached elevations of 943 m and 919.663 m,

respectively. Tension cracks 1 and 2 opened along bedding planes at

elevations of 931.663 m and 925.663 m, respectively. (b) Tension crack

1, length along slope over 7 m, maximum width of about 5 cm and trace

length over 5 m; separation along a bedding plane. (c) Tension crack 2,

length along slope over 11.5 m, maximum width of 10 cm and trace

length of over 25 m; separation along a bedding plane
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Conclusion

Engineering geological site investigations during

excavation of a high and steep slope rock mass for the

No.5 arch abutment of Longqiao major arch bridge have

been carried out. The engineered slope rock mass was

shown to have a complex geological structure including

variably oriented bedding planes, a fault, lens shaped

bodies, joint sets and unloading cracks. Three different

rock slope structures were recognized including an overdip

slope, an anaclinal slope and a transverse slope. Different

slope deformational modes occur mainly due to spatial

interaction of the discontinuities and the excavated rock

slope surfaces.

Discontinuum UDEC numerical modelling was used to

analyse the slope deformation and mechanism of the two

rock slopes as they were excavated to different elevations.

The modelling results showed very good agreement with

the actual observed rock slope deformation.
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Determination of the Effective Computing Region for
Rock Slope Stability Based on Seismic Wave Theory

Chen Zhenlin and Hu Xiao

Abstract

In order to detect the initiation of a rockslide efficiently, FEM and BEM numerical methods

are employed to analyze the dynamic response of a slope. The boundary condition

(effective computing region) should be selected carefully to maximize both the computa-

tional efficiency and precision of the model. The effective computing region can be

determined based on the tension damage criterion and the principle of dynamic responses.

The seismic wave theory is employed to solve the dynamic response, detect the

initialization of cracks and establish the critical sliding zone (comprising all potential

sliding surfaces). The relationship between the location of the sliding surface and the

excitation frequency, is also investigated. The focus of this study to identify the effective

computing region and to discuss the sliding fracture that occurs in the region based on the

seismic theory analysis. The shaking table model results and the time-history analysis of

displacement vectors are adopted for investigating the reliability of theoretical analysis.

Keywords

Landslide � Effective computing region � Seismic wave theory

Introduction

The stability analysis of slopes is always an important aspect

in slope engineering and seismic prospecting. Normally, the

distribution principle of the dynamic response of a complete

slope is difficult to determine and the associated computa-

tional costs are very high when the seismic wave theory is

employed. It is important to choose a suitable computing

region in slope stability analysis when a theory analysis

method or a numerical simulation method is employed.

The vertical ground motions may have the greatest

influence on the displacements induced by seismic activity.

The influence of the shape and slope reinforced measures on

seismic response is normally investigated in large-scale

shaking table model tests (Wu et al. 2008; Xu et al. 2008;

Lin and Wang 2006). These experiments show that the

resonance frequency of such a model will decrease after

repetitive vibration. At the same time, the seismic accelera-

tion of the soil of the model shows a larger amplification. In

general, the acceleration response was employed to analyze

the stability of a slope. In some earthquake-induced

landslides, especially near-field cases, the vertical accelera-

tion is found to be a relevant factor affecting landslide

initiation (Ingles et al. 2006).

In recent years, various procedures (Duncan and Wright

2005) (numerical simulation methods and theoretical analy-

sis methods) have become available for stability analysis,

using the magnitude of Peak Ground Acceleration (PGA) at

a specific site. The PGA can be included in the deformation

analysis using Newmark stick–slip sliding block analysis

(Yan et al. 1996), pseudo-static (PS) analysis (Newmark

1965; Hong et al. 2005), or the finite element method
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(FEM) (Tang and Shao 2004). The development of the

method-of-slices for identifying the critical failure surface

that corresponding to the minimum factor of safety (Malkawi

et al. 2001; Zolfaghari et al. 2005). The theory of seismic wave

propagation and attenuation has become increasingly popular

in solving seismic slope stability problems (Yang et al. 2007;

Gulyayev and Ivanchenko 2006).

Later, the research (Li and Ma 2009; Li et al. 2011a, b)

employed the principle of conservation of momentum and

the discontinuous displacement conditions along a rock joint

to investigate the interaction of an obliquely incident P- or

S-wave with a rock joint. A fractal damage joint model

(Zhao et al. 2008; Li et al. 2011a, b) was developed based

on the fractal damage theory, and the analytical solution for

the transfer (transmission or reflection) coefficients of stress

waves across joints. The interaction between blast waves

with arbitrary impinging angles and a rock joint are analyzed

in detail in the study by Li and Ma (2010).

The focus of the current research is on getting the

dynamic response, not on selecting the effective computing

region. If the area of the computing region is too large, the

computational cost will be very high, while if the area is

small the computational accuracy will be reduced. Hence,

after the region is determined, the slope stability characters

could be obtained efficiently and accurately by analyzing the

dynamic responses of the region in a rock slope. In view of

these premises, this paper has been structured around the

following objectives:

1. To determine the effective computing region for studying

the slope stability based on the theory of seismic wave

propagation.

2. To detect the failure initiation and determine the potential

sliding surfaces efficiently and accurately by theoretical

simulations in the computing region.

Characteristics of Seismic Wave Propagation

The following two assumptions should be considered for our

theoretical analyses: (1) The slope is homogeneous and

isotropic; (2) The seismic wave is a plane wave.

When a plane wave of either P- or S-type impinges on a

free surface, reflection takes place as described in Fig. 1. The

positive direction of displacement of the S-wave follows

the “right-hand rule”. According to the Snell’s law, we

have (see Fig 1):

sin αp
sin αs

¼ sin βp
sin βs

¼ cp
cs

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1� vð Þ
1� 2v

r
ð1Þ

where v is the Poisson’s ratio of the reflecting rock. The

reflection coefficients could be obtained by the analysis

(Wang 2005).

Establishment of the Effective Computing
Region

In this paper, the method used by Li and Ma (2010) to study

the stress on joint elements under seismic waves is extended

to analyze the stress state of internal elements of the slope

crest. The potentially critical slip surfaces in the effective

computing region could be detected based on the theory of

seismic wave propagation. More details are given in follow-

ing subsections.

According to the theory analysis from Li and Ma (2010),

when the seismic wave rays run through an infinite small

element (ABCD) on a crest as depicted in Fig. 2, the stress

state of the element (ABCD) can be portrayed as:

1. Under incident P-Wave

The stresses on the line AB of the element ABCD can be

expressed as:

σ ¼ ρcpvIp
v

1� v
þ 2 sin 2βs

0
@

1
A

�ρcpvRp
v

1� v
þ 2 sin 2βs

0

@

1

A� ρcsvRs sin 2βs

ð2Þ

τ ¼ �2ρcpvIp sin 2βsctg αp
�2ρcpvRp sin 2βsctg αp � ρcsvRs cos 2βs

ð3Þ

where vIp, vRp and vRs are the particle velocities of the

incident P wave, the reflected P-wave and reflected

S-wave, respectively, and ρ is the density of the intact rock.

2. Under incident S-Wave

When the S-wave impinges the surface on the line AB of

the element ABCD:

σ ¼ ρcsvIs sin 2αs � ρcpvRp
v

1� v
þ 2 sin 2βs

� �

� ρcsvRs sin 2βs ð4Þ

τ ¼ �ρcsvIs cos 2αs � 2ρcpvRp sin
2βsctg αp

� ρcsvRs cos 2βs ð5Þ

Free surface

αs

αp

βs

βp
dd

y

x

Ip

Is
Rp

Rs

P-wave; S-wave

Fig. 1 Seismic wave propagation models on a free surface
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The initialization of fracturing is controlled by tensile

stresses, (2) and (4) could be employed to detect the critical

dangerous point on the slope crest.

Validation of the Effective Computing Region

In order to investigate the validity and reliability of the

theoretical simulation of the effective computing region, a

homogeneous rock slope was considered. The slope geome-

try is shown in Fig. 3 with a height of 1.7 m, a width of

1.5 m, a length of 1.65 m and a slope angle of 60�. The
material properties were obtained from laboratory tests. The

modulus, Poisson ratio, frictional angle and cohesive

strength of mudstone slope model is 15.2 MPa, 0.3, 35�

and 0.3 MPa, respectively. The scaling factor λ (λ ¼ 100)

is the linear ratio between the prototype and the model. A

sinusoidal acceleration with a frequency of (5–15 Hz) and a

peak acceleration of (0.1 g–0.8 g) were applied to the

foundation.

Localization the ECR

To avoid repetition only a theoretical analysis focused on the

dynamic response of the uniform mudstone prototype slope

was carried out and compared with the experimental results.

Following the previous discussion and considering a verti-

cal sinusoidal acceleration loading, the principle tensile stresses

of themudstone slope crestwere calculatedwith (2) and (4), for

different frequencies. The values are given in Table 1 that the

maximum tensile stress on the crest is positioned at x ¼ 36 m

and x ¼ 45 m. So there are two potential dangerous points on

the crest. Hence, the boundary point could be x ¼ 36 m. The

observed amplification effect near the slope crest in experiment

could accelerate the development of a failure surface near the

point (x ¼ 0.334 m, y ¼ 1.7 m).

Detecting Potential Sliding Surface in the ECR

From Fig. 4 and Table 2, the explicit seismic motion synthe-

sis functions of the characteristic point H1 could be obtained

as follows:

Fx tð Þ ¼ �f
�
t� t3

�
T3 sin β2pp

�f t� t4ð ÞT4 cos
�
α1 þ β1ps

�

�f t� t5ð ÞT5 cos β2ps � f
�
t� t6

�
T6 sin α2p

ð6Þ

Fy tð Þ ¼ f
�
t� t1

�
T1 � f

�
t� t2

�
T2

�f t� t3ð ÞT3 cos β2pp þ f
�
t� t4

�
T4 sin

�
α1 þ β1ps

�

þf t� t5ð ÞT5 sin β2ps þ f
�
t� t6

�
T6 cos α2p

ð7Þ

An example for the current slope model, n ¼ 4, is con-

sidered here. With the stress analysis on the slope point, two

orthogonal lines can be drawn: one through the dangerous

point of the crest in a vertical direction and one through the

toe of the slope along a horizontal direction, respectively.

The effective computing region will be the region (abcd)
(see Fig. 5) enclosed by these two straight lines and the free

surfaces.

α

α

2

α2s

Micro- C B

AD
y

x
PPPPO

Fig. 2 Access of seismic waves and reflection for a mudstone slope

Fig. 3 The slope model 1 before the test (the left part is the limestone

slope and the right part is the mudstone slope)

Table 1 The maximal tensile stress at the slope crest for different

frequencies

Frequency (Hz) Coordinates (x, y) Maximal tensile stress (Pa)

f ¼ 0.2 (0.45, 1.7) 9.343363E5

f ¼ 0.5 (0.45, 1.7) 3.737345E5

f ¼ 1.0 (0.45, 1.7) 1.868673E5

f ¼ 1.5 (0.36, 1.7) 1.245782E5

f ¼ 10 (0.45, 1.7) 1.868673E4

f ¼ 15 (0.36, 1.7) 1.245782E4
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There are four parallel horizontal surfaces for theoretical

analysis in the effective computing region. The dangerous

points on four analytical surfaces can be obtained by comput-

ing the dynamic response. The coefficients of amplification for

the PGA of surface 1 are given in Fig.6, which also shows the

maximum coefficient of amplification for a PGA at different

excitation frequencies. Figure 6 shows that the dangerous

point is shifting closer to the free slope surface for larger

frequencies. The acceleration amplification factor changes

rapidly near the point (x ¼ 0.63 m), which points to the

possible sliding location of the slope. Hence, the initiation of

cracks may occur in the region x 0:38m, 0:63mð Þ.
Similarly, the probable dangerous points in other hori-

zontal analytical surfaces can be obtained, as shown in

Table 3. All the potential sliding surfaces for different

frequencies of excitation are situated within the dangerous

region bounded by the polygon (aedfgl), as shown in Fig. 5.

During the process of shaking table test, the tiny cracks is

observed in the middle crest of the slope firstly, Fig. 7 shows

cracks at the toe and crest of the homogeneous mudstone

slope model induced by an increasing acceleration ampli-

tude and frequency. The results also can be investigated by

analyzing the time-history variation of the displacement

vector of slope.

Time-History Analysis of Displacement Vector

The time-history variation of displacement vectors can be

employed to discuss the potentially unstable region and

potential sliding surface of the rock slope under seismic

excitation when the effective computing region is deter-

mined. The Snell-law could be employed to compute the

incident and the reflected angles of seismic waves, the dis-

placement vector function of rock slope.

Considering a sinusoidal acceleration with a frequency of

15 Hz and a peak acceleration of 0.3 g were applied to the

foundation. According to the previous analysis, the time-

history displacement vector function for uniform rock

slope could be evaluated directly. Figure 8 shows the varia-

tion of displacement vector of the meshed points at t ¼ 3 s,

5 s. The dangerous region (composed of the points with

relatively large displacement according to the time-history

analysis) is marked with dotted lines. From the time-history

analysis, the displacement vectors (horizontal component) of

the points in middle crest and the toe of the slope is relatively

larger than that of other points (see Fig. 8). Comparing Fig. 5

with Fig. 8, it should be noted that the initializing fracture

and the potential sliding surface are located in the effective

x

H1

O P1 P2 P3 P4 P5

α1Mudstone

y α2p

Fig. 4 Assessment of seismic waves for a homogeneous mudstone

slope

Table 2 Path, arrival time and transfer coefficients for all the waves

through point H1

No. Incident wave Path Delay time Transfer coefficient

1 P1 P t1 T1 ¼ 1

2 P1 PP t2 T2 ¼ � 1

3 P2 PPP t3 T3 ¼ R1PPR2PP

4 P3 PS t4 T4 ¼ R1PS

5 P4 PPS t5 T5 ¼ R1PPR2PS

6 P5 PP t6 T6 ¼ R1PP

Potential sliding surface obtained from 
theoretical simulation

Effective computing region (aedc)

Potential sliding surface obtained from 
experiment

Potential dangerous region obtained from 
theoretical simulation

150

b
d

cm

37.

O x

37.

37.

37.

Surface 

Surface 

Surface 

e
f

g

a c Unit: y
l

Fig. 5 The potential sliding zone and surfaces obtained from

theoritical simulations (n ¼ 4) and observed sliding surface after the

experiment
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computing region proposed in section “Establishment of the

effective computing region” previously.
The results obtained by time-history analysis are in accor-

dance with the experimental results and the theoretical sim-

ulation results. It is also investigated that the method for

determining the effective computing region (boundary) with

stress analysis is valid for slope stability analysis based on

the seismic wave theory.

Conclusions

Based on the above findings, some conclusions can be

made:

1. The effective computing region is determined to help to

analyze the dynamic response of a homogenous slope on

the impact of seismic waves. It is based on the theory of

elastic mechanics and the principle of seismic wave prop-

agation and can save on computation costs.

2. Both the tension damage criterion and the principle of the

coefficient of amplification for a PGA are employed to

judge the initial failure of the slope crest under seismic

loading. The theoretical simulation results are consistent

with the experimental results.

Fig. 6 The vertical coefficients of amplification for PGA at surface 1 for different frequencies

Table 3 The Probable dangerous region of all analytical surfaces for

f 1:0Hz, 15Hzð Þ
Dangerous region (m)

Slope crest x 0:36, 0:45ð Þ, (y ¼ 1.70)

Surface 1 x 0:38, 0:63ð Þ, (y ¼ 1.325)

Surface 2 x 0:40, 0:70ð Þ, (y ¼ 0.95)

Surface 3 x 0: 52, 1:27ð Þ, (y ¼ 0.575)

Surface 4 x 1:05, 1:50ð Þ, (y ¼ 0.20)

Fig. 7 Cracks in the mudstone slope model (a) toe of slope (b) crest of

slope
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3. The critical slip zone could be determined efficiently,

making use of the seismic wave theory. The position of

the potential sliding surface is closely related to the

frequency of the seismic waves. With increasing fre-

quency, the location of the sliding surface will shift closer

to the free slope surface and the damaged volume of rock

decreases. A decreasing frequency will induce deeper slip

surfaces with more damage.

4. The preliminary theoretical investigation for the initiation

of landslide proposed in this paper is meaningful for land-

slide prevention and control. The remedial work for a

potential landslide must be focused on the initiation stage.
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Factors Controlling Kinematic Behaviour of a Huge
Slow-Moving Landslide in China

Shu Jiang, Baoping Wen, Cheng Zhao, and Ruidong Li

Abstract

Xieliupo landslide, located in the Zhouqu County of northwest China and with volume of

72 � 106 m3, is a slow-moving landslide for more than 100 years. Several violent slide

events have been recorded during its active history. However there has been an argument

among professionals about mechanism of the landslide, particularly factors controlling its

kinematic behaviour. A detailed investigation found that kinematic behaviour of the

landslide may be affected by either an active fault with strike displacement rate of

1.4 mm/a, or river incision at its toe or a combination of those above, apart from its gravity

and soft nature of its materials. To understand roles of these factors in slow-moving

behaviour of the landslide, a numerical modelling was carried out. Results of the modelling

show that gravity of the landslide and visco-plastic nature of its materials may play

predominant roles in activity of the landslide followed by the active fault and river incision.

The active fault accelerates the landslide velocity by 20–30 %, whereas the lateral incision

by the river water may just locally intensify activity of the landslide, mainly in the zone

behind the river bank 50–70 m.

Keywords

Slow-moving landslide � Controlling factors � Active fault � River incision � Visco-plastic
material

Introduction

Xieliupo landslide has been recorded since 1904 and has

been known as one of the largest landslides in China

(Scheidegger and Ai 1986; Zhou 2012; Bai et al. 2013). Its

latest violent slide event occurred on April 9th, 1981, which

blocked the Bailongjiang river channel and flooded roads

and farmlands, causing economic losses over 350 million

RMB (Wu 2006). Since then, the landslide has undergone

movement at a slow rate, evidenced by cracking of its

ground surface and very often deformation of the highway

in the front of the landslide, which is the only road to outside

of the Zhouqu county, costing a considerable amount of

money for its repairing every year.

For a long time there has been an argument among

professionals about mechanism of the landslide, particularly

factors controlling its kinematic behaviour and their relative

importance. Bian (2007) believed that the kinematic of the

landslide was largely effected by rainfall. Yu (2007)

attributed river incision and rainfall infiltration to be the

main controlling factors followed by earthquake, whereas

Wang (1985) suggested that river incision couldn’t lead to

the slow movement of the landslide as a whole. Wu (2006)

stressed that behaviour of the landslide is controlled by
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active fault, soft strata, slope terrain, underground water and

river incision together. The objective of this study is to

clarify the importance of the factors controlling the landslide

behaviour by numerical simulation under a series of

hypothesized scenarios based on its geological settings.

Study Site

The Xieliupo landslide is situated on the left bank of the

Bailongjiang River, whose narrow width and steep cliffs

indicate strong incision and intensive neotectonic

movements have occurred since the Quaternary (Fig. 1).

An active fault, namely Pingding-Huama fault passes

through the Zhouqu county, which belongs to the

Guanggaishan-Dieshan fault zone, a famous regional active

fault zone (Yu et al. 2012). Notably the Pingding-Huama

fault zone just passes through the place where the Xieliupo

landslide develops, forming a typically trough shape terrain

(Fig. 1). The Pingding-Huama fault dips towards 40� with a

dip angle 50� to 80�. Recent GPS monitoring data revealed

that the fault is being active with a mean slip rates of

1.4 mm/a (Chen and Ren 2012). The fault is more than

90 km long with a width of several hundred meters (Yu et al.

2012). The strata at and in the vicinity of landslide site are

mainly Middle Devonian carbonaceous slate, Middle and

Late Carboniferous limestone and Quarternary deposits

(Fig. 2). At the landslide site, the Pingding-Huama fault

zone is about 550 m wide. Its haning wall and foot wall

are composed of Devonian carbonaceous slate and

Carboniferous limestone, respectively.

Xieliupo landslide is about 2,600 m long and 550 m wide

with an average slope angle about 19� and a maximum slope

angle 38� at the upper portion. Elevation difference reaches

to 800 m. Drilling and field survey revealed that thickness of

the sliding mass ranges from 15 m to 85 m with 50 m on

average. Its volume was estimated to be 72 � 106 m3. Flank

boundaries of the landslide are the fault plane of the

Pingding-Huama fault zone (Fig. 1). Detailed investigation

found that there are a number of tension cracks, secondary

slip scars on the landslide, indicating that the landslide is

under deformation.

Three boreholes (Fig. 1) drilled in the summer of 2012

disclosed that bedrocks of the landslide are mainly made up

of highly fractured carbonaceous slate of the Middle

Devonian. Its sliding mass consists of highly weathered

carbonaceous slate and the late Pleistocene loess (Q3),

former of which is in presence of rock fragments with

loose black clayey soil. Its slip zone developed along the

contact between the weathered carbonaceous slate and

fractured bedrock, appeared to be a black seam of very soft

and clayey soil derived from the carbonaceous slate. No

groundwater was found within the slope.

Fig. 1 Overview of the Xieliupo landslide and locations of boreholes

(ZK1-ZK3) on the landslide

Fig. 2 Geological cross section diagram of the Xieliupo landslide
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Before the operation of diversion construction for a hydro

power station just upstrem of the landslide in 2004, the

Bailongjiang River flowed quite rapidly, which made a

strong lateral incision at the toe of the landslide. Nowadays

such incision seems to be much weaker than before.

Numerical Simulation

Setup of a 3D Numerical Model

The finite difference code FLAC3D is widely recognized as

one of the advanced codes suitable for simulating large

deformation in engineering geology and geotechnical fields

(Marcato et al. 2012; Bozzano et al. 2012). It was used for

numerical simulation in the study. A 1:1,000 topographic

map and a 1:50,000 topographic map were used together to

build a DEM of the study area via ArcGIS. These two maps

were used for the landslide site and its vicinity, respectively.

To construct a 3D numerical model of the landslide, a FISH

routine by the first author was called by FLAC3D to generate

mesh grids from the DEM. To mitigate boundary effects, the

model dimension was designed as 4 km long and 3 km wide,

covering the whole landslide and its adjacent area. To

improve the calculation accuracy, the mesh grid dimension

within and outside the sliding area was set to be 40 m and

100–300 m respectively. The 3D model of the landslide was

made up of seven layers, 67,985 grids and 39,311 nodes

(Fig. 3). The seven layers were the six geological units of

the landslide and its vicinity and plus a river group. The fault

was treated as interface elements in the 3Dmodel at the flank

boundaries of the landslide. To trace the displacement of the

landslide, eight nodes on its surface were marked as virtual

monitoring points (Fig. 3).

Scenarios Hypothesized

Settings of the landslide indicate that its kinematics may be

controlled by gravity, active fault or river incision. To clarify

the relative importance of these factors for the landslide,

three scenarios were hypothesized: the landslide driven by

gravity only (I) and plus the influence of the fault (II) or the

river incision (III), respectively. To examine the effects of

the river incision, sub scenarios with different flow rates

were further hypothesized. According to the records from

the hydrologic station of the Bailongjiang River near the

landslide, flow velocities of 1.47 m/s, 5 m/s, 0.5 m/s, were

hypothesized in this study, which corresponded to the river

water flow rate during dry and rainy seasons before the

diversion construction and after its construction.

Since the landslide has been active at a slow rate, creep

nature of its materials may be an essential orientating factor

of the landslide. The Burger-creep viscoplastic model

(Model Cvisc) was employed for describing the nature of

landslide materials, which is a built-in constituent model in

FLAC3D for the viscoplastic materials complying with

Mohr-Coulomb failure criteria. The model is thus a

combination of the Burger’s model and the Mohr-Coulomb

model. Influence of the active fault was considered by

imposing an initial displacement rate of 1.4 mm/a on its

hanging wall. River incision was conducted by bend shear

force of the river water acting along the river bank. In this

study, such shear force was calculated using (1) and (2)

suggested by Jansen et al. (1979) and Manning and Griffith

(1891), respectively.

τ0s ¼ ρg
V2

C2
ð1Þ

Fig. 3 3D model of the Xieliupo

landslide and locations of virtual

monitoring points. (Note that JC1

to JC8 denoted the monitoring

points.)
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C ¼ 1

n
R

1=6 ð2Þ

where τ0s is the bend shear stress, ρ is the density of water, V
is flow velocity of the river water, C is Chézy coefficient, n is

roughness coefficient and R is the hydraulic radians of the

river channel.

Parameters

Parameters of the landslide materials used in the study are

shown in Table 1 and Table 2. Geomechanical parameters of

the landslide materials were determined by a series of

laboratory tests. Rheological parameters of the materials

were estimated based on both an ongoing creep test of the

slip zone and empirical values of those materials with

similar characteristics to the landslide. Parameters for the

interface were mainly from empirical values.

Results and Discussion

When the landslide would be driven by gravity only without

influence of active fault and the river incision (Scenario I),

the simulation revealed that different portion of the landslide

would move slowly with different but constant velocities

ranging from 0.03 mm/d to 0.35 mm/d (Fig. 4a). It seemed

that the most intense movement would occur in its upper

portion, where the steepest terrain just occurs. The velocity

Table 1 Geomechanical parameters of the landslide material

Material group ρ (kg/m3) c (MPa) φ (�) K (MPa) G (MPa) GK (MPa) ηK (MPa�d) GM (MPa) ηM (MPa�d)
Loess 1,720 0.01 31 944 461 767 4,000 2,970 15,833

Highly weathered slates 1,800 0.02 20.5 833 384 384 2,500 3,370 15,627

Slip zone 1,700 0.008 10 333 250 71.25 103 917 1,362

River 1,000 0 0 2,000 0 – – – –

Fractured Slate 2,120 0.025 25 8,800 4,297 – – – –

Limestone 2,090 6.72 42 22,600 11,037 – – – –

Note: ρ ¼ Density; c ¼ Cohesion; φ¼Friction angle; K ¼ Bulk modulus; G ¼ Shear modulus; GK ¼ Kelvin shear modulus; ηK ¼ Kelvin

viscosity coefficient; GM ¼ Maxwell shear modulus; ηM ¼ Maxwell viscosity coefficient

Table 2 Parameters used for the fault interface

c (MPa) ϕ (�) φ (�) Kn (MPa/m) Ks (MPa/m) t (MPa)

Interface 0 0 15 8,409 8,409 0

Note: c ¼ Cohesion; ϕ¼Dilation angle; φ ¼ Friction angle; Kn ¼ Normal stiffness; Ks ¼ Shear stiffness; t ¼ Tensile strength

Fig. 4 Displacement curves of the monitoring points with time steps (a) and velocity contour diagram of the landslide (b) under scenario I
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distribution (Fig. 4b) indicated that landslide at the most

intense portion seemed to behave retrogressively upward

slope to its further upper portion and progressively

downward slope to lower portion.

When the landslide would be driven by gravity plus the

influence of active fault (Scenario II), the result showed that

the behaviour pattern of landslide would be generally similar

to that under scenario I (Fig. 4b) in terms of kinematics.

However, the movement velocity would increase (Fig. 5).

Take monitoring point JC2 for example, the steady creep

velocity would increase 27 % from 0.11 m/d when gravity

was the only driven force to 0.14 mm/d when fault activity

was taken into account. Relatively the greatest increase in

the movement velocity again occurred in the upper portion

of the landslide around JC6 and JC7. Such increase were

much less for JC3 and JC8, indicating that the active fault

seems to have a weaker influence on the uppermost and

lowermost portions of the landslide. When the fault is active,

difference in the increase in moving rate of different portions

of the landslide seems to be largely associated with the local

terrain conditions. Moreover, increased velocity at each

portion of the landslide was greater than the applied fault

moving rate. This suggests that the active fault greatly

stimulated the landslide, rather than drive it uniformly.

Generally, the active fault would accelerate the landslide

velocity by 20–30 % on average.

When the landslide is assumed to be driven by gravity

plus influence of river incision (Scenario III), numerical

simulation disclosed that river water incision would increase

velocities of the landslide’s frontal portion by comparing

Fig. 6a, b. The most intensely affected landslide portion by

river water incision concentrated in the southern part of the

river bank (Fig. 6a). When flow velocity of the river water

increased from 0.0 m/s (Scenario I) to 0.5 m/s, after the same

time steps run, the displacement at the toe of the landslide

would increase from 1.13 m (Fig. 6b) to 1.26 m (Fig. 6c).

When flow velocity was 1.47 m/s (Fig. 6d) and 5 m/s

(Fig. 6e), the landslide displacement at the toe reached

2.92 m and 20 m respectively, and displacement contours

there turned to be vertical. This implies that the frontal zone

might probably collapse in the flood season (Fig 6e). With

increase in flow velocity of the river water, kinematic pattern

of landslide in its front portion became retrogressive, which

was progressive when river incision was not considered,

while deformation characteristics behind this portion almost

remained the same with scenario I (Fig. 6b). The retrogres-

sive nature is particularly striking in a zone behind the river

bank 50–70 m (Fig. 6d, e). The limited retrogressive zone

proved that the river incision may just locally intensify the

activity of the landslide.

Figure 6 Three dimensional velocity contour diagram

with flow velocity 5 m/s (A) and sectional displacement

contour diagrams of the frontal portion when the river

water incision occurs with different flow velocities (B) Vriver

¼ 0 (scenario I); (C) Vriver ¼ 0.5m/s; (D) Vriver ¼ 1.47m/s;

(E) Vriver ¼ 5m/s (scenario III).

Conclusions

Factors controlling kinematics of the Xieliupo landslide,

a giant and slow-moving landslide, were clarified by

modelling its behaviour under different scenarios and by

comparing their differences. The followings could be

drawn from this study:

1. Gravity of the landslide and viscoplastic nature of its

material may play primary roles in its kinematic

behaviour.

2. The active fault accelerates the landslide moving velocity

by 20–30 % and doesn’t change the movement pattern of

the landslide, suggesting that its role would be weaker

than gravity of the landslide and nature of its materials.

However the fault should be of much greater significance

in the formation of the landslide by producing the trough

shape terrain and loose and weak materials.

3. River incision may just locally intensify the activity of

the landslide, mainly in the zone behind the river bank

50–70 m.

Fig. 5 Velocity curves of the monitoring points with time steps for

scenario I and II
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Fig. 6 Three dimensional velocity contour diagram with flow velocity

5 m/s (a) and sectional displacement contour diagrams of the frontal

portion when the river water incision occurs with different flow

velocities (b) Vriver ¼ 0 (scenario I); (c) Vriver ¼ 0.5 m/s; (d)

Vriver ¼ 1.47 m/s; (e) Vriver ¼ 5 m/s (scenario III)
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Finite Element Simulation for an Earthquake-
Induced Catastrophic Landslide Considering
Strain-Softening Characteristics of Sensitive Clays

Akihiko Wakai, Fei Cai, Keizo Ugai, and Tsutomu Soda

Abstract

In the present study, a strain-softening constitutive model for sensitive clays originating

from weathered pumice is applied to simulate an earthquake-induced catastrophic landslide

that occurred during the 2011 Great Tohoku and Kanto Earthquake in Japan. The upper part

of the slope sliding about 200 m and 13 people were killed. The failure could be related to

shear strength degradation of the sensitive clay layers in the slope during the earthquake.

The strain-softening characteristics of the sensitive material in the slope have been

investigated in a series of laboratory tests involving undisturbed samples. The observed

stress-displacement relationships under cyclic loading are numerically modelled using a

proposed elasto-plastic constitutive model, based on the dynamic finite element method.

The observed phenomena are appropriately simulated by the proposed model.

Keywords

Earthquake � Strain-softening � Finite element method � Hanokidaira landslide

The Hanokidaira Landslide, Japan

The earthquake-triggered landslide at Hanokidaira in

Shirakawa City (Fig. 1) initiated in the upper part of a dip

slope and travelled 200 m downslope. The sliding direction

changed from NE to E due to local topography. Part of the

slide also moved to the NNW, as seen in Fig. 1a. After

having moved down the hill surface, the debris covered the

adjacent houses and road. This landslide is typical of

the landslides that occurred in the hills of Shirakawa City

at the time of the earthquake.

From field investigations of the landslide debris, it was

determined that some parts of the deposit were strongly

disturbed, while others moved as solid blocks with original

stratification remaining intact (Fig. 2). This implies that the

origin of the landslide might be related to the strain

concentration in a certain thin layer in the slope, where the

shear strength of the layer has been suddenly decreased due

to cyclic loading during the earthquake.

The dip angle of the slope about 15� was measured on

several tephra layers observed in the exposed strata of the

headscarp, which is about 5 m tall. Figure 3 is a schematic

figure for geological structures in the slope. The materials

are mainly composed of cohesive volcanic soils with

different stiffnesses and particle sizes. Several weaker clay

beds are interlayered with scoria, pumice, and tephra, and

are thought to have originated from weathered pumice. As

can be clearly observed at an exposed section, the sliding

surface is located within the clay layers underlying the scoria

unit shown in Fig. 3.

The scoria unit above the clay layer has high permeability,

and may have acted as an aquifer above the less permeable

clay, and the sensitivity of the layer can be promoted by the
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water pressure. In addition, it seems very important that the

influence of the water-bearing stratum can also be a dominant

promotion factor for long-term weathering of the pumice

sandwiched in the loam. It should be noted that this slope

was located in a buried valley in the hill and it might have

increased the amount of ground water in the slope.

Finite Element Simulation

Numerical Models

2D finite element simulations of the investigated landslide

were performed to determine the validity of the above

hypothesis. The assumed geometry used in the analysis is

shown in Fig. 4. The discretized finite element meshes

(8-nodes) are also shown in the same figure. The calculated

acceleration and displacement histories at Point A in Fig. 4

are shown in detail later on. Two different models were

applied to the sensitive clay and under- and overlying

loamy volcanic materials, namely the UW softening model

(Wakai et al. 2010) and the UW model without cyclic

softening (Wakai and Ugai 2004), respectively. The

parameters for each material are summarized in Table 1.

A series of undrained cyclic direct shear tests using

undisturbed specimens of the sensitive clay were performed

to derive numerical model properties. Figure 5 shows an

example of the observed test results under constant volume

conditions, and their numerical simulation using the UW

softening model with parameters as shown in Table 1. It

can be seen that the apparent shear resistance suddenly

decreased, like liquefaction of loose sands under cyclic

loading. This may be due to the increase in mobility of

each soil particle caused by loss of cohesion in the soil,

rather than the increase in excess pore water pressure.

Fig. 1 (a) Case study location at Hanokidaira, Shirakawa City, Japan (map after South Fukushima Prefecture). (b) View looking uphill to the

main scarp of the landslide

Fig. 2 Intact stratification in the deposit

Pumices

Scorias
Lithic fragments

Fine-grained
 volcanic ash soil

Sr8

Sr9

Sr10

0

1(m)
Boundaries between 
 similar but different strata

Estimated
slip surface Coarse-grained

 volcanic ash soil

Brown soil

“Sr X” well-known tephra symbols
                         used in local articles

Fig. 3 Stratigraphic section of the units involved in the landslide of

2011 (by Soda)
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Analytical Results

Appropriate earthquake motion data are fundamental for

accurate seismic simulations. The amplitude of the input

waves at the base has been adjusted so that the

corresponding horizontal component of the observed records

at K-net Shirakawa by NIED, that is 3 km away from the

landslide location, should be realized at the ground level in

the finite element meshes. The time history of the input

horizontal acceleration for this finite element simulation is

shown in Fig. 6.

Figure 7 shows the analytical result of the time histories

of horizontal acceleration and displacement at the top of the

sliding block, namely, Point A in Fig. 4. The boundless

13.9m

34.1m

100.0m

about 15

8- noded
isoparamet r ic element s

y ( )+

x ( )+

x
y
 : Fixed
 : Free

x
y
 : Fixed
 : Fixed

Point  (for output)A

Sands and gravels

Tuf faceous clay layer
 (10cm t hickness)

Clayey loams with ot hers

Fig. 4 Finite element meshes used for the numerical simulation

Table 1 Material parameters used in the finite element simulation for the Hanokidaira landslide

Materials Clayey loams with others Tuffaceous clay Sands and gravels

Young’s modulus E(kN/m2)
13,500 �

ffiffiffiffiffi
p

0
0

q

p
0
0: Initial confining pressure (kPa)

4,530 �
ffiffiffiffiffi
p

0
0

q
1.00 � 106

Poisson’s ratio ν 0.400 0.400 0.300

Cohesion c(kN/m2) 49.3 56.2(※) 100.

Internal friction angle φ(deg) 45.0 41.9(※) 45.0

Dilatancy angle ψ (deg) 0 0 0

Hysteretic damping parameter b � γG0
2.50 1.30 1.10

Hysteretic damping parameter n 2.20 2.50 2.80

Unit weight γ(kN/m3) 16.0 10.8 18.0

Residual strength ratio τfr/τf0 – 0.200 –

Softening parameter A – 2.00 –

(※) Those parameters in this numerical model with softening are a bit different from the physical constants to be observed. They have been slightly

adjusted to make the consistency between the simulated and the observed peak strengths in numerical simulations

[Note] Rayleigh damping parameters : α ¼ 0.0571, β ¼ 0.000578 for all materials
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Fig. 5 Example of observed results of cyclic direct shear tests and

their numerical simulation using the UW-softening model (under an

initial effective confining pressure of 75 kPa) for the sensitive clay (a)

Observed, (b) Simulated
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increase of displacement as shown in the figure indicates that

a catastrophic failure of the slope occurred in this case. The

horizontal displacement is approximately 5 m at the end of

the earthquake. It is very important that the displacement

continued to increase even after the earthquake motion

ended. After the simulated earthquake, the acceleration

response continues to be variable. It means that the total

resistance along the slip surface has become lower than the

total of the sliding force of the upper soil block due to its

static self-weight, i.e., the slope is still unstable. This was the

right reason itself of the long-distance travelling failure of

the slope.

The residual deformations and the shear strain distribu-

tion at 300 s after the end of the seismic motion are shown in

Figs. 8a, b, respectively. The long runout of the sliding block

along the stiffer layer is clear. This result is in agreement

with the actual phenomenon. However, it should be noted

that the predicted velocity of the sliding mass may not be

accurate because of the theoretical background of such a

solid-based analytical method. In order to simulate precisely

the sliding behaviour after having started such high-speed

motion, it would be better to improve the numerical model

for the friction and damping at the bedding plane, which will

Fig. 6 Input motion used for the numerical simulation

Fig. 7 Calculated time histories of response at the point A shown in Fig. 4. (a) Horizontal acceleration. (b) Horizontal displacement

Earthquake-induced
deformation  : 1.0

Shear strain (%)
0. 100.

a

b

Fig. 8 Calculated residual deformation in the slope after the earthquake. (a) Residual deformation, (b) Residual shear strain distribution
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be the subject of future studies. Although an exact

simulation of the high-speed movement cannot be obtained,

this analysis provides information and guidelines for judging

the behaviour of such a catastrophic failure.

A Stability Index Refined for Engineering
Purposes

Figure 9 shows the distributions of the shear strength τf and
the mobilized shear stress τ along the slip surface in each

time step. These values have been calculated as the average

of all Gaussian point values in each element. The horizontal

distance x is the distance from the toe. As shown in the

figures, before the earthquake, the upper sliding block was

safely supported by the shear resistance along the tuffaceous

clayey layer. The mobilized shear stress is always equal to or

less than the shear strength. The shear strength gradually

decreased during the earthquake due to strain softening of

the soils at the slip surface. In addition, the mobilized shear

stress decreased along with the decrease in the shear

strength. When the total of the shear strength along the slip

surface ∑ Rf becomes less than the total of the sliding force

∑ Ts due to only the static self-weight of the upper sliding

mass without the seismic inertia force, a general failure

occurs.

Accordingly, a general failure can be evaluated as the

balance between ∑ Rf and ∑ Ts, and the following index Fd

is introduced to predict catastrophic failures :

Fd ¼
X

RfX
Ts

ð1Þ

It should be noted that the above definition is a little

different from the one of the standard factor of safety

which denominator includes the seismic inertia force.

Figure 10 shows the time histories of this index. The

moment that this index becomes 1.0 is in agreement with

the moment at which catastrophic failure occurs. It is

confirmed that the proposed index is useful for prediction

of general failures.

Conclusions

In the present study, one of the catastrophic landslides

induced by the 2011 Great Tohoku and Kanto Earthquake

in Japan was simulated using a dynamic finite element

method where stress–strain relationships under cyclic

loading for sensitive clay are modelled with an elasto-

plastic, strain-softening constitutive model. It was shown

Fig. 9 Distributions of mobilized shear stress and shear strength on the slip surface

Fig. 10 Time history of the proposed index Fd
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that the shear-strength degradation of the tuffaceous clay

in the slope caused a failure and the detailed investigation

for such problematic soils in natural slopes would be so

important.
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Numerical Modelling of Deformation for Partially
Saturated Slopes Subjected to Rainfall

Binod Tiwari, Katsuyuki Kawai, and Phommachanh Viradeth

Abstract

Rainfall is one among the most common contributing factor and trigger for landslides. In

the majority of the cases, slopes are at partially saturated condition when they are subjected

to rainfall. While analysing stability of those slopes, deformation analysis is performed in a

conservative way assuming the slope to be in a fully saturated condition. In this research, a

fully coupled hydro-mechanical finite element model is described based on the constitutive

model developed for partially saturated soil condition. A 1.2 m long and 0.6 m high sandy

slope was modelled in laboratory and was subjected to 30 mm/h of rainfall for 3 h. Values

of suction measured after 3 h were very close to the numerically calculated values based on

the finite element method developed by the authors. This model was used to calculate

deformation of slope for different intensities of rainfall and at different angles of slopes in

order to predict the amount of deformation or failure condition when a slope is subjected to

a continuous rainfall of different intensities and durations.

Keywords

Rainfall � Partially saturated soil � Suction � Deformation � Constitutive model � Cam Clay

model � Shallow landslides

Background

Rainfall is considered as one among the most common

contributing factors and triggers of shallow landslides.

While evaluating stability of slopes subjected to rainfall,

slopes are generally considered to be saturated. Therefore,

shear strength of saturated soil is used for analysis. However,

in majority of cases, the slopes remain partially saturated

during rainfall. Therefore, analysis that is done for the

assumed saturated condition gives conservative results. In

this study a 1.2 m � 1.2 m � 0.6 m sized sandy slope is

modelled in laboratory and was subjected to a rainfall of

30 mm/h for 3 h. Values of suction were measured with time

for the entire 3 h period. The models were prepared with

three different angles of inclinations but at the same void

ratio of 0.6. A constitutive model that was developed for the

partially saturated condition was utilized for the numerical

analysis of the slopes.

Experimental and Numerical Modelling

Experimental Modelling

In the experimental setup, a sandy soil was compacted in a

Plexiglas container at the void ratio of 0.6. The experimental

model is presented in Fig. 1. This model is instrumented with

four high-precision tensiometers at different locations under
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the ground. Values of suction were measured at those

locations during rainfall. The suction values were recorded

in every 15 min interval. Depths of water front were also

recorded from outer sides of the Plexiglas container in every

15 min for the entire rainfall period.

Numerical Modelling

Critical state shear strength of soil was obtained by

conducting CU triaxial test on the saturated sand following

ASTM procedure. Likewise, consolidation and swelling

parameters of the saturated soil were obtained through one-

dimensional consolidation test as per the ASTM standard.

Test results were helpful to obtain critical state friction angle

and developing p-q curves to obtain the critical state

parameters. The geotechnical properties of the saturated

sand obtained from the pertinent soil tests are summarized

below.

Compression index ¼ Cc ¼ 0.2; Swelling index ¼
Cs¼ 0.02; M: Critical state line ¼ 0.74; Effective Friction

Angle ¼ 31.8�; Effective Cohesion ¼ 0

Deformation analysis of the slope was performed using

the modified Cam Clay model based on the approach pro-

posed by Karube and Kawai (2001), which was latter

improved by Ohno et al. (2007). Numerous constitutive

models for unsaturated soil have been proposed since Bishop

(1960) presented the concept of effective stress for unsatu-

rated soils (e.g., Alonso et al. 1990; Karube et al. 1996;

1997). Ohno et al. (2007) developed a relationship between

changes in stiffness of unsaturated soil with effective degree

of saturation. Kawai et al. (2007) explained the model in

detail. In this model, application of the soil-water retention

characteristic curve (SWRCC) model can be used indepen-

dently in the constitutive model. Kawai et al. (2007, 2009)

successfully utilized this model in various geotechnical

applications pertinent to unsaturated soils including natural

slopes and embankments. According to the proposed model,

effective stress is expressed as follows:

σ0 ¼ σnet þ ps1 ð1Þ

Where,

σnet ¼ σ� pa1, ps ¼ Ses ð2Þ

s ¼ pa � pw, Se ¼ Sr � Src
1� Src

ð3Þ

Here, σ0 is effective stress tensor for unsaturated soil, σnet

is the net stress tensor, 1 is the second rank unit tensor, σ is

total stress tensor, s is suction, ps is suction stress, pa is pore-
air pressure, pw is pore-water pressure, Sr is degree of satu-

ration, Se is effective degree of saturation, and Src is degree

of saturation at s ! 1. Volume change of soil at certain

water content levels is expressed as:

e ¼ e0 � λln
p0

ζp0sat
ð4Þ

Where,

ζ ¼ exp 1� Seð Þnlna½ � ð5Þ

Here, a and n are the fitting parameter to express

the increase in consolidation yield stress according to

de-saturation. Similarly, the plastic volumetric strain is

expressed as follows:

εpv ¼ λ� κ

1þ e0
ln

p0

ζp0sat
ð6Þ

The consolidation yield stress can be obtained as shown

in the following equation:

pc
0 ¼ ζpsat

0 exp
εpv
MD

� �
ð7Þ

MD ¼ λ� κ

1þ e0
ð8Þ

where, p0c is the yield stress represented by mean effective

principal stress, M is q/p0 at the critical state, and D is the

dilatancy coefficient. The following yield function can be

obtained by applying the equations presented above in the

original Cam Clay model.

Fig. 1 Overview of the experimental model—change in color shows

the water front
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f σ0; ζ; εpv
� � ¼ MDln

p0

ζp0sat
þ D

q

p0
� εpv ¼ 0 ð9Þ

where

p0 ¼ 1
3
σ0 : 1, q¼

ffiffiffiffiffiffiffiffiffiffi
3
2
s : s

q
, s¼ σ0-p01¼ A : σ0, A¼ I-1

3
1� 1

Here, I is the fourth rank unit tensor. Equation (9) reduces

to the original Cam Clay model under saturated condition

(Se ¼ 1). Figure 2 shows the concept of yield surface

expressed by equations presented above.

A Finite Element Modeling (FEM) program was devel-

oped for the constitutive model of the unsaturated soil

mechanics based on the equations proposed above. The

values of suction calculated from the Finite Element Analy-

sis program explained in earlier chapter were coupled into

the FEM setting of the constitutive model for the unsaturated

soil mechanics, presented above.

Results of the Study

Figure 3 presents the values of suction and the velocity of the

infiltration within the soil mass after 3 h of rainfall for 30, 45,

and 50� slopes. The horizontal and vertical deformation

values calculated for slopes with 30, 45 and 50� inclinations
after 3 h of rainfall using the FEM analysis are presented in

Fig. 4. It shows that the horizontal deformation is maximum

near the toe of the slope (Fig. 4). The amount of horizontal

deformation is less than 1 mm. The higher the angle of

inclination, more the horizontal deformation. The deforma-

tion pattern presented in Fig. 4 shows that the slope defor-

mation pattern is more rotational. Likewise, vertical

deformation close to 1.5 mm was recorded on top of the

slope. The vertical deformation on the ground surface was

similar irrespective of the angle of inclination of slopes.

Deformations of the slope after the rainfall were measured

by redrawing the post-experiment geometry of the slope.

Approximately 1.2 mm of settlement was observed on top

of the slope and there was less than 1 mm of horizontal

deformation. The experimental result was very close to the

numerical results presented in Fig. 4.

Fig. 2 Yield surface for unsaturated soil based on the proposed con-

stitutive model

Fig. 3 Numerically calculated values of suction and the velocity of the movement of water front at various locations of the 30, 45, and 50� slopes
after 3 h of rainfall—red circles are the points with positive pore water pressure
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Seepage velocity was estimated using the depth of water-

front with time that was calculated using the equations

presented earlier and the results presented in Fig. 3. The

seepage velocity and the constitutive model was extended

to evaluate the temporal change in suction and deformation

on a 10 m high slope presented in Fig. 5. Slope presented in

Fig. 5 is a conceptual slope prepared for the purpose of

parametric study only. The geotechnical and hydraulic

properties of soil obtained for the experimental model

slope was used as the geotechnical properties of the concep-

tual slope. Presented in Fig. 6 are the values of suction

recorded after 2 h of rainfall having intensity of 90 mm/h.

The pattern of the numerical values of suction and velocity

of water front were similar (or proportional) to the small

Fig. 4 Numerically calculated values of deformation at various locations of the 30, 45, and 50� slopes after 3 h of rainfall

Fig. 5 Numerically calculated values of suction and movement of water front on a conceptual slope after 2 h of rainfall having intensity of rainfall

of 90 mm/h
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scale slope used for the experimental modelling. The

deformations of slope in x and y axes (i.e. horizontal and

vertical direction) are presented in Fig. 6. As observed in

Fig. 6, small outward deformation of less than 3 mm

(locally) was observed near the head of the slope. The toe

of the slope showed an inward deformation i.e. shrinkage.

This shows that unless the rainwater percolated downwards

along the slope to touch the toe of the slope, the deformation

near the toe is negligible.

Summary and Conclusion

In order to study the effect of rainfall on soil-suction and

soil deformation, sandy slopes were prepared at three

different angles of inclinations. These slopes were

subjected to 30 mm/h of rainfall for 3 h, separately,

using a rain simulator. The amounts of suction with the

duration of rainfall at different locations were measured

with tensiometers. A hydro-mechanical model was devel-

oped for unsaturated soil condition using the finite ele-

ment method. Modified Cam Clay model was utilized to

prepare the models. The models are capable to couple the

unsaturated seepage flow and associate suction into the

deformation analysis. The study result shows that

the calculated values of suction and deformation were

similar to the values observed during the experimental

modelling. The numerical analysis for a conceptual 10 m

high slope shows that the variations in suction on larger

slopes are proportional to the variation in suction in a

small scale model. Likewise, the deformation of slope

near the toe is negligible if the rainwater is not capable of

moving infiltrating to the toe of the slope.
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Feasibility Study of Dumping Area on Bearing
Capacity and Slope Stability Analysis

Twin Hosea W. Kristyanto, Iskandar, Dicky Muslim, and Febri Hirnawan

Abstract

Open pit mining, especially coal mining, needs cleaning and cutting of overburden. It needs

an area for dumping overburden material. This area called disposal or dumping area. We

need engineering geological mapping, analysis of bearing capacity, and slope stability

analysis for preventing the failure of the dumping area. Therefore, this research aims to

identify the best location of dumping area and the design of stable dumping area.

Methods that were used in this research are: (1) field engineering geological mapping,

soil and rock sampling from either outcrops or three bore holes i.e.: GT01, GT02, and

GT03; (2) laboratory analysis method for gaining information about UCS, angle of friction,

cohesion, and unit weight, and (3) office method be in the form of analysis of engineering

geological map, bearing capacity (Terzhagi’s Formula), and slope stability. Then the design

of stable dump could be made according to the result of slope stability analysis.

The result shows that value of bearing capacity is different in each borehole. The

location that suggested for dumping area is around boreholes GT03 (Engineering

Geological Unit of Fine Soil II) because it has highest bearing capacity, among other

boreholes, it is about 494.452 t/m2 for continuous foundation. The simulation and analysis

of slope stability show that safe design of dump is: single slope 25.6�, overall slope 15.5�,
and maximum dump height is 50 m.

Keywords

Bearing capacity � Dumping area � Engineering geological map � RMR � Slope stability

analysis

Introduction

Open pit mining, especially coal mining, needs cleaning

and cutting of overburden. It needs an area for dumping

overburden material. This area called disposal or dumping

area. We need engineering geological mapping, analysis of

bearing capacity, and slope stability analysis for preventing

the failure (Sayekti 2007).

The aims of this research include: identifying the location

and design of disposal area, in coal mining, based on

engineering geological mapping, bearing capacity analysis,

and slope stability analysis.
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Engineering Geological Mapping

Engineering geological map is the combination of

geomorphological map, geological map, and geotechnical

properties. Geomorphological map is provides information

of land shape, drainage pattern, slope gradient, and

morphogenetics. Geological map gives information about

structural geology and stratigraphy of research area.

Geotechnical properties gives information about physical

and mechanical properties of soil or rocks (Price 2009).

Bearing Capacity

Bearing capacity is ability of soil for holding back pressure

or load of building above it without cause shear failure and

excessive settlement. The ability is depend on soil shear

strength (Bowles 1984) (See Fig. 1).

Terzhagi in Zakaria (2006) discuss the influence of foun-

dation shape toward value of ultimate bearing capacity. The

influence is analysed based on continuous foundation that

applied for the other shapes of foundation.

Continuous footing also known as general equation of

bearing capacity, i.e.:

qu ¼ c: Ncþ γDf : Nqþ 0; 5 γ: B: Nγð Þ:

which:

qu ¼ Ultimate bearing capacity, T/m2)

B ¼ Wide of foundation (m)

Df ¼ Depth of foundation (m)

γ ¼ Unit weight (T/m2)

c ¼ Cohession(T/m2)

Nc, Nq, Nγ ¼ Bearing capacity factor

ϕ¼ Angle friction (0)

Terzhagi in Zakaria (2006) presented a bearing capacity

formula which was calculated in ultimate bearing capacity

condition (qult). It means an equilibrium value that will result

in failure or collapse if it is passed over. Therefore the value

of allowable bearing capacity (qa) must be lower than

ultimate bearing capacity.

Allowable bearing capacity depends on how great the

chosen safety factor (F). In general, value of safety factor

that is chosen is in range of 2–5. The formula of allowable

bearing capacity is:

qa ¼ qu
F

which:

qa ¼ allowable bearing capacity (kg/cm2, T/m2)

qu ¼ ultimate bearing capacity (kg/cm2, T/m2)

F ¼ Safety factor.

Slope Stability

A slope has two forces working on it, i.e.: driving force and

restraining force. A slope will fail if the driving force is

greater than the restraining force. Mathematically the

stability of slope can be explained in form of safety factor

(Fs), where:

Fs ¼ Restrain Force

Driving Force

According to Bowles (1984) it means:

Fs < 1:07 unstable slope

1:07 < Fs < 1:25 critical slope

Fs > 1:25 stable slope

Methodology

This research used three methods, they are: (1) field

sampling of soils and engineering geological mapping;

(2) Laboratory analysis method, for getting data cohesion

(c), angle of friction (φ), and unit weight (γ); and (3) office

analysis method for getting engineering geological map,

value of bearing capacity, and design of stable disposal area.

The location of the disposal area was determined by

analyses of engineering geological map and bearing capacity.

Determination of bearing capacity based on Terzhagi

formulation. Design of disposal area is determined by simula-

tion of slope stability using software GeoStudio 2004.

Fig. 1 Bearing capacity (Bowles 1984)
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Results and Discussion

Engineering Geological Map

Based on the compilation of geomorphological map,

geological map, and geotechnical properties, research area is

divided into eight engineering geological units. They are:

(i) Engineering geological unit of coarse soil I, (ii) Engineer-

ing geological unit of coarse soil II, (iii Engineering geologi-

cal unit of fine soil I, (iv) Engineering geological unit of fine

soil II, (v) Engineering geological unit of fine soil III, (vi)

Engineering geological unit of fine soil IV, (vii) Engineering

geological unit of organic soil I, and (viii) Engineering geo-

logical unit of organic soil II. Description and distribution of

the engineering geological units can be seen Fig. 2.

Bearing Capacity

Calculation of bearing capacity in research area was done

based on data of soil mechanics from three boreholes, places

of taking undisturbed sample. They are GT01, GT02, and

GT03. The type of failure in this research is assumed as

general shear failure with wide of foundation and depth

of foundation are 1 m. The result of bearing capacity

calculation is shown in Table 1.

Disposal Area Location

Based on engineering geological map and bearing capacity

the location that is chosen as disposal area is around GT03

that inside of engineering geological units of fine soil II. It

Fig. 2 Engineering geological map of research area
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is because this area has lithology with low permeability,

shallow slope gradient, and low plane landform.

Design of Stable Slope for Disposal Area

This disposal area will be designed with height of dumping

(h) 50 m. So, the maximum pressure of material disposal

toward base of disposal can be measured by multiply height

of dumping (h) with unit weight of dumping material (γ)
with assumption that average value of γ is 2 t/m3. By

knowing the maximum pressure, it also can be determined

the depth of base as foundation for disposal with review of

the value of allowable bearing capacity.

Result of bearing capacity calculation in every points

shows lithology at depth <5 m has low allowable bearing

capacity i.e. <0.967 t/m2. Due to the height of dumping is

designed for 50 m, so the maximum pressure is 100 t/m2.

Therefore for safe disposal area, it is chosen depth 5 m by

cutting soil layer first.

Simulation of slope stability gives design of stable slope of

disposal area with single slope 25.6�; overall slope 15.5�.

Material of disposal is assumed as loose material with cohesion

0 t/m2 and angle of friction 35�. The simulation shows the

safety factor is about 1.57; so this slope is included stable slope

according to Bowles (1984). The design is shown on Fig. 3.

Conclusion and Suggestion

Based on engineering geological mapping and bearing

capacity analyses, the best location of disposal area is

around point GT03 that is included in area engineering

geological units of fine soil II with value of allowable

bearing capacity is about 1,085 t/m2.

Based on slope stability analysis and simulation,

design of disposal slope is: single slope 25.6�. Overall
slope 15.5�, and height of bench 50 m.

In determining location of disposal area, it needs

cutting of soil layer until depth 5 m for getting base of

foundation with high allowable bearing capacity. It also

needs study of hydrogeology and environmental geology

to provide information that can support the feasibility of

the proposed location.
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Table 1 Bearing capacity of research area

Bore holes Depth (m)

Continous Square Circular

qult (ton/m
2) qa(ton/m

2) qult (ton/m
2) qa(ton/m

2) qult (ton/m
2) qa(ton/m

2)

GT01 0.00–4.9 8.614 2.871 10.158 3.386 9.88 3.295

GT02 11.704 3.901 14.432 4.811 14.398 4.799

GT03 2.1262 0.709 20.209 0.736 2.199 0.733

GT01 5.0 1,845.643 615.214 2,378.928 792.976 2,374.900 791.633

GT02 1,473.796 491.265 1,908.200 636.066 1,906.833 635.627

GT03 3,256.056 1,085.352 4,146.809 1,382.269 4,009.276 1,336.425

Fig. 3 Design of disposal area
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Modelling Rockslide Displacements with
Delayed Plasticity

Gabriele Frigerio, Riccardo Castellanza, Giovanni Battista Crosta,
and Claudio di Prisco

Abstract

To model the temporal evolution of complex landslides, a 1D pseudo-dynamic visco-

plastic approach, based on Perzyna’s theory, has been modified. In the original version of

the model, the viscous nucleus has been assumed to be bi-linear: where irreversible

deformations develop uniquely for positive yield function values whereas, in a more

general case, it can also develop for negative values. In this work the model has been

enriched by considering: (1) an exponential viscous nucleus, (2) a strain-rate softening to

reduce friction angle as the sliding velocity increases and (3) block interaction forces to

cope with complex 3D geometries for the sliding mass .

The application of the proposed model to the Vajont slide emphasizes the role played by

the strain-rate softening while the application to the La Saxe rockslide (Italy) clearly shows

how a relatively simple model can be applied to a complex landslide by considering a

spatial discretization of the sliding mass.

Keywords

Delayed plasticity � Visco-plastic model � Time dependent landslide � Displacements

prediction � Collapse

Introduction

In order to model complex sliding masses subject to continu-

ous slow movements related to water table fluctuations it is

quite convenient to: (i)model the time-dependentmechanical

behaviour of the materials by means of a viscous-plastic

constitutive law; (ii) assume the water table fluctuation as

main input to reproduce time acceleration; (iii) consider the

3D constrains by maintaining a high level of simplicity such

to allow implementation into EWS (Early Warning System)

for risk management.

In this paper a previously presented 1D pseudo-dynamic

visco-plastic model (Secondi et al. 2011), based on

Perzyna’s theory is applied. The sliding mass is considered

as a rigid block subject to its self-weight, inertial forces and

seepage forces varying with time. All non-linearities are

lumped in a thin layer interface positioned between the

rigid block and the bedrock. The mechanical response of

this interface is assumed to be visco-plastic. In this paper the

viscous nucleus is assumed to be exponential, so that irre-

versible strains develop for both positive and negative values

of the yield function; the friction angle is assumed to reduce

with strain rates; the sliding mass is discretized in blocks to

cope with complex rockslide geometries.

Two case studies are presented to validate the improve-

ments introduced in this paper. The first relates to the simu-

lation of the displacements of the Vajont rockslide from
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1960 to the failure occurred on October the 9th 1963

(Hendron and Patton 1985; Müller 1964, 1968, 1987; Selli

and Trevisan 1964); the second concerns the recent La Saxe

rockslide movements (Aosta valley; Italian Western Alps)

(Crosta et al. 2013).

It will be shown that, in its modified version, the model

satisfactorily fits the Vajont pre-collapse displacements trig-

gered by the fluctuation of the Vajont lake level, while the

blocks discretization confirms the model suitability in case

of complex 3D slide as in the case of the La Saxe rockslide.

1D Viscous Plastic Model

As is well known, a simple static limit equilibrium analysis is

not suitable for modelling and correctly reproducing the time

dependent mechanical response of sliding masses triggered

by water table fluctuations. A dynamic, or, at least, pseudo-

dynamic analysis should be adopted, and a delayed-plastic

constitutive approach employed. The first issue can be

addressed by evaluating the inertial effects on the soil mass

by using a pseudo-dynamic approach, as that introduced by

Newmark (Newmark 1965) for dams under seismic actions,

whereas, viscous components can be described by employing

the visco-plasticity theory introduced by Perzyna (1963).

As was previously suggested, according to this approach,

the rockslide is interpreted as a rigid block (Fig. 1), where

the active forces taken into account are (i) the weight, (ii) the

inertial forces and (iii) the seepage force deriving from the

water table level which is a function of time, Δhw(t). All non-
linearities are lumped ina shearbandof thicknessΔspositioned
between the rigid block and the bedrock. All the details and

the analytical formulation of this model are reported in

Crosta et al. (2013). Thus, the main equations controlling this

model are.

Visco-Plastic Strain Rate Definition

_γ vp ¼ eγ � ϕ fð Þ ð1Þ

Sliding mass displacement rate:

_x ¼ Δs _γ vp ¼ eγ Δs ϕ fð Þ ð2Þ

Yield function definition

f ¼ τ � τres
σ 0
n

ð3Þ

shear stress

τ ¼ τstat � m�€x ð4Þ

τstat ¼ W Δhw tð Þ½ � sin αð Þ þ Jð Þ=A ð5Þ

Failure criterion

τres ¼ c
0 þ σ

0
n tanϕ

0
res ð6Þ

where f is the yield function, eγ a constitutive viscous para-

meter, ϕ (f) the viscous nucleus, _x the sliding displacement

rate of the mass m, A the total contact area, W’ the soil

buoyant weight, J the total seepage force, Δhw(t) the ground-
water table level varying with time t.

In case f is positive, by substituting (2), (3) and (4) into the

expression of the viscous nucleus, and by introducing the

geometrical and constitutive parameters, we obtain an equa-

tion of the following type:

a€x þ b _x þ c ¼ 0 ð7Þ

where coefficients a, b and c depend on time and can be

derived from the previous equations. The improvements of

the model are presented in the following sections.

Viscous Nucleus

As is sketched in Fig. 2, two different formulation for the

viscous nucleus have been considered. The first, proposed in

the original version of the model (Secondi et al. 2011), was a

bilinear function defined as:

ϕ fð Þ ¼ fh i ð8Þ

where brackets imply the viscous nucleus to coincide with

the yield function for f > 0 and to be nil for negative values

of f (3).
The second expression is an exponential law (Fig. 2b)

defined: according to the following equation

ϕ fð Þ ¼ eα�f ð9Þ

Fig. 1 1D block model with main geometrical elements

292 G. Frigerio et al.



The exponential law is also modified by parameter α,
governing the shape of the viscous nucleus (Fig. 2b).

Friction Weakening

As a preliminary way to simulate the transition from the

initiation to the propagation of an unstable rock mass, a

friction weakening is implemented. An increase in the

localized shear strain rate (i.e. slip velocity) is thus assumed

to produce a slight reduction in the friction angle:

_xk k > _x w tanϕ
0
_xð Þ ¼ tanϕ

0
0 � tanϕ

0
w

_xk k � _x w
þ tanϕ

0
w ð10Þ

otherwise,

tanϕ
0
_xð Þ ¼ tanϕ

0
0

where ϕ’0 and ϕ’w are the static and the weakened friction

angles, respectively, and _xw is a threshold characteristic

velocity for the weakening to occur.

Many authors (e.g. Rice 2006; Beeler et al. 2008;

Kuwano and Hatano 2011; Vardoulakis 2000; Veveakis

et al. 2007) proposed specific studies and theoretical inter-

pretations to justify the frictional weakening as a conse-

quence of multiple mechanisms. Here the authors introduce

(10) only as one possible ways to simulate, within the

adopted 1D model, the acceleration usually recorded before

the run-out process. No specific theoretical justification are

given; (10) should be therefore considered as a macroscopic

strength reduction as sliding velocity increases towards

catastrophic failure.

3D Discretization

The proposed model can be employed to reproduce the

evolution of a non-deformable mass sliding on an inclined

rigid plane. A 3D complex landslide a priori does not satisfy

all the hypotheses behind the model. To overcome this

limitation and to tentatively apply the proposed model to

complex 3D landslide settings, a two steps methodology has

been developed.

Step 1: Splitting the Displacement Function
In general, the rockslide displacements can be expressed as a

vector function u(x, y, z, t) defined in space and time. At any

instant this function should be properly evaluated from the

monitoring. As a first order approximation it can be assumed

that:

(i) the direction of displacements is constant within the

area considered and to be determined by a unit vector u0.
This also implies that the dispersion in direction of the

velocity within the domain û ¼ u x; y; zð Þ-u0
is negligible

with respect to u0;
(ii) the evolution of displacement with time is indepen-

dent of space

the function u(x, y, z, t) 2 C0 can be written as the product of

three elementary functions:

u x; y; z; tð Þ ¼ u
0
f 1 x; yð Þf 2 zð Þg tð Þ ð11Þ

where

f 1 x; yð Þ ¼ f 1 x; yð Þ=uP xP; yP; zP; tOð Þ ð12Þ

f 2 zð Þ ¼ f 2 zð Þ=uP xP; yP; zP; tOð Þ ð13Þ

In particular (see Fig. 3):

• f 1 x; yð Þ can be considered as a non-dimensional shape

function of the spatial superficial distribution of

t displacements. This could be evaluated, for example,

f(f)

f f

f(f)

0 0

a

a b

Fig. 2 (a) bilinear viscous nucleus; (b) exponential viscous nucleus

1( , )

2( ) ( )

P

Ground surface
f1 : spatial distribution in xy plane

f2 :shape function in depth (z) 

′ ( )

Fig. 3 Suggested elementary functions of u(x, y, z, t) of a rockslide

mass
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from GB-InSAR measurements divided by the displace-

ment at a selected point, P, and reference time, tO;

• f 2 zð Þ is the shape function in depth of the displacement at

any point on the ground surface (Fig. 3) of the rockslide

assumed to be time independent. This can be obtained

from inclinometer data at a chosen point P by dividing it

by the ground displacement measured in P. This function

is crucial in order to verify the model assumption of a

rigid block sliding on a shear band.

• Function g(t) can be considered as the displacement evo-

lution with time of a representative “pivot point” P.

Once shape functions f 1 x; yð Þ and f 2 zð Þ are known, it

becomes possible to provisionally evaluate the displacement

of a complex landslide by simulating or predicting the

ground movement at a specific representative point P with

respect to time by uniquely defining function g(t).

Step 2: Spatial Discretization
If the rockslide movement prevalently slides parallel to the

average slope inclination, the outlined model can be

employed by assuming for instance both f1 and f2 (Heaviside

step function) simply describing a rigid block sliding along a

plane and variable ẑ to coincide with the normal to the

average slope inclination (in this case a rotation of the

reference frame is suggested, so that u0T ¼ [1, 0, 0])

For complex 3D rockslides a more refined subdivision of

the sliding mass is required. This will be based on a set of

criteria employed to identify from monitoring data, geomor-

phological and geometrical observations, homogeneous dis-

placement zones.

Once the rockslide mass is split into subzones, the same

subdivision can be applied to the groundwater table, so that

for each zone a time dependent oscillation Δhwi(t) can be

evaluated.

Each zone is then treated has a rigid block resting on a

shear band with a viscoplastic behaviour (Fig.1). In order to

take into account the interaction between the blocks, equa-

tion (5) becomes

τstat, i ¼ Wi Δhw, i tð Þ½ � sin αið Þ þ Ji þ Frel
i

� �
=Ai ð14Þ

where Fi
rel stands for the resultant of both the forces trans-

mitted by the lateral boundaries of each block and the forces

transmitted by the uphill blocks to the downhill ones; index i

refers to the current block.

Case Study 1: The Vajont Rockslide

The number of data and simulations available in literature

concerning the Vajont rockslide is quite large (see e.g.

Hendron and Patton 1985; Müller 1964, 1968, 1987, Selli

and Trevisan 1964; Alonso and Pinyol 2010). Our aim is to

explore the capability of the proposed 1D viscoplastic model

of reproducing the monitoring data in the 1961–1963 period

and the collapse triggered by water table and lake level

fluctuations.

As shown in Fig. 4 the lake level governs the water table

position within the rockslide . The rockslide velocity

increased during the impoundment until November 1962

(Δt1 in Fig. 4c) and the displacements were still increasing

during the subsequent drawdown. A similar behavior has

been observed when the maximum lake level (712 m a.s.l.)

was reached on October 1963 (Δt2 in Fig. 4c).

Fig. 4 (a) target position and cross section considered in the analysis;

(b) lake and groundwater levels in October 1961 and 1963 (section

from Bistacchi et al. 2013); (c) recorded targets displacement, lake and

piezometric levels (after Selli and Trevisan 1964)
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In order to simulate the monitored displacement triggered

by the water table fluctuation (Fig. 4) with the described

model, a schematization in blocks is required. Starting from

an accurate 3D geometrical reconstruction of the unstable

mass (Fig. 5a), a cross section along an alignment of moni-

toring targets (Fig. 4a) is considered. The failure surface is

characterized by a bilinear shape suggesting the adoption of

a discretization in two blocks (Fig. 5b). Moreover, the

mechanism could be further simplified considering that it

is dominated by block #1, while block #2 is applying a

downward pushing force on block #1 (see Fig. 5c). This

force acts parallel to the slope of block #1 and it has been

evaluated as (see Crosta et al. 2013):

N0�2 ¼ 1=2 � k0 γ H2ð Þ2B2 ð15Þ

where H2 is the depth of failure surface and B2 the trans-

versal breadth of block #2. This force could be considered as

the interaction between the two blocks moving at the same

speed (Fig. 4c).

As a consequence of this further assumption, the pre-

collapse movements of the Vajont rockslide can be modeled

by considering only block #1, so that the problem is reduced

to a one dimensional model.

s

hw(t)D

D γ
γ .
.

a

a

b

Fig. 5 (a) 3D view of Vajont rockslide sectioned along the same cross

section as in Fig. 4a (3D geometrical data from Bistacchi et al. 2013);

(b) dicretization in two blocks along the cross section; (c) final adopted

discretization in one block

Fig. 6 Model simulation (g(t)
function for block #1) with

bilinear and exponential viscous

nucleus and friction weakening
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For the two blocks, the inclination angles, α, were eval-

uated with an averaging procedure to be 10.5� and 34�

degrees, respectively. The depth of the failure surface, is

H1 ¼ H2 ¼ 133 m; the longitudinal blocks length L1 ¼ L2
¼ 708 m and the block breadth is B1 ¼ B2 ¼ 1000 m. The

evolution with time of the water table elevation was consid-

ered in two different ways: (i) horizontal at the elevation of

the tip of block #1 (568 m a.s.l.), with the water fluctuation

converted into a variation with time of the buoyancy force

acting on block #1, (ii) including to the buoyancy force, a

seepage force resulting from the slight differences between

the piezometer and the lake levels.

Both the bi-linear and the exponential viscous kernel

were considered to simulate the pre collapse monitoring

data (Fig. 4c). The simulation results are reported in Fig. 6.

The displacement with time shown in Fig. 6b represents

function g(t) of block #1 according to the previously

described 3D discretization. It is evident that the 1D visco

plastic model captures satisfactorily the landslide response,

in particular when adopting an exponential viscous nucleus.

The influence of seepage force (curve soft exp + J in

Fig. 6a) is clearly visible when the rockslide still moves

during the drawdown phase (winter 1962–1963). The final

pre-collapse acceleration of the slope is well captured if a

friction weakening, as in (11), is assumed (Fig. 6a, and

curves soft-bi lin and soft exp in Fig. 6b).

Case Study 2: The La Saxe Rockslide

Owing to both the hazard of the event and the vulnerability

of the territory, the La Saxe active rockslide in the Aosta

Valley, Italy, at present is very high As for the Vajont case,

the goal is here to explore the capability of the proposed 1D

viscoplastic model of reproducing the monitoring data.

The rockslide is subject to accelerations every spring due

to the combined effect of snow melting and rainfall that

implies an increase in the groundwater level (Fig. 7). Due

to the complexity of the rockslide, this can be subdivided in

sub-areas characterized by different geometrical properties

(i.e. depth of surface failure, groundwater elevation, Fig. 7).

This complexity affects the overall rockslide behavior.

Fig. 7 Landslide discretization

in 1 and 4 blocks. The lower

panels show the wet and dry

season groundwater table (light
blue) above the failure surface
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The four blocks discretization (Fig. 7b) subdivides the

overall rockslide into different sub-areas so that each block

has its own basal inclination, height, width length and shear

band thickness. The interaction between the blocks has been

taken into account by assuming lateral and normal forces

(Crosta et al. 2013).

In Fig. 8 the results of the 1D viscoplastic model simu-

lations are reported. The results for the single block discreti-

zation (Fig. 7a) obtained by assuming averaged geometrical

properties for the entire rockslide, are shown in Fig. 8b.

From this single block discretization the groundwater level

results to always be below the average failure surface with

the consequence that the model is unaffected by its oscil-

lation (Fig. 8b). This clearly suggests that the single block

discretization is too poor to reproduce the 3D complex

behavior. In contrast, the 4 blocks discretization (Fig. 7b)

shows the model capability of reproducing the monitored

displacements in different subareas of the rockslide

(Fig. 8c).

Conclusion

A 1D rigid-viscoplastic model has been modified for what

concerns the expression of the viscous nucleus, the fric-

tion strain-rate weakening and extended to simulate the

response of systems of multiple interacting blocks to

model 3D complex rockslides. Two case studies (Vajont

and La Saxe rockslide) were chosen in order to show the

capability of the proposed model of reproducing the dis-

placement time series triggered by groundwater table

fluctuations. The analysis of the Vajont rockslide has

allowed the authors to demonstrate that strain-rate sensi-

tivity is quite useful for fitting the pre-collapse displace-

ment accelerations.

Fig. 8 Model simulations in

term of g(t) functions
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Introduction: Remote Sensing Techniques for
Landslide Mapping and Monitoring

Veronica Tofani, Yang Hong, and Vern Singhroy

Abstract

Remote sensing is an effective tool for landslide mapping and monitoring. This chapter

provides a general overview of the recent applications of optical and radar images for

landslide detection, mapping and monitoring with special attention to SAR interferometry

that has proved as a promising technique in landslide studies.

Keywords

Landslide � Remote sensing � SAR interferometry � Optical imagery

Remote sensing techniques represent effective tools for

landslide detection, mapping, monitoring and hazard analy-

sis. Applications are originating from nearly all types of

sensors available today. Rapid developments in this field

are fostered by the very high spatial resolution obtained by

optical systems (currently in the order of tens of centimeters)

and by the launching of SAR (Synthetic Aperture Radar)

sensors, purposely built for interferometric applications with

revisiting times of few days such as TerraSAR X and

COSMO-SkyMed (Tofani et al. 2013a). Also, in the last

years satellites have provided accurate measurements of

precipitation such as the Tropical Rainfall Measuring Mis-

sion (TRMM), which was launched in 1997. Remote rainfall

measurements can be used to predict rainfall-induced

landslides in the framework of landslide hazard analysis

(Adler et al. 2000; Hong et al. 2006; Baum and Godt 2010).

Landslide detection and mapping benefit from both opti-

cal and radar imagery. Recently, a new generation of high

resolution satellites as World-View, Geo-eye and the Pleia-

des constellation provides resolutions ranging from 0.5 to

2 m and offers a very powerful tool for a quick reproduction

of regional inventory maps (up to a scale of 1:2,000). In

particular the increasingly higher spatial and temporal reso-

lution of optical satellite observations enables (i) more

detailed and reliable identification of affected areas, (ii) an

immediate response minimizing the risk of omission (due to

landslide traces fading away with time), and (iii) repeated

observations potentially leading to multi-temporal

inventories, which can be easier related to specific events.

There is a large number of studies which proposed,

applied and compared automated (both pixel and object-

based) techniques for landslide mapping with optical data

(Hervás et al. 2003; Cheng et al. 2004; Nichol and Wong

2005; Marcelino et al. 2009; Martha et al. 2010; Lu et al.

2011).

Airborne LiDAR techniques show particular strength for

the mapping of old landslides under forest (e.g. Van Den

Eeckhaut et al. 2007) but can also be used to support the

mapping of newly triggered shallow landslides (Ardizzone

et al. 2007; Lu et al. 2011). There seems to be a general

agreement that LiDAR based mapping yields more accurate

V. Tofani

Earth Sciences Department, University Firenze, 50121 Florence, Italy

e-mail: veronica.tofani@unifi.it

Y. Hong

Hydrometeorology and Remote Sensing Lab, Department of Civil

Engineering, University of Oklahoma, 120 David L. Boren Blvd, Suite

4610, Norman, OK 73072-7303, USA

Environmental Science, University of Oklahoma, Norman, OK 73019,

USA

e-mail: yanghong@ou.edu

V. Singhroy (*)

Canada Centre for Remote Sensing, Natural Resources, Ottawa, ON,

Canada

e-mail: Vern.Singhroy@NRCan-RNCan.gc.ca

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2,
DOI 10.1007/978-3-319-05050-8_47, # Springer International Publishing Switzerland 2014

301

mailto:veronica.tofani@unifi.it
mailto:yanghong@ou.edu
mailto:Vern.Singhroy@NRCan-RNCan.gc.ca


and complete inventories than field surveys alone (Ardizzone

et al. 2007; Schulz 2007; Van Den Eeckhaut et al. 2007).

Resulting inventories have been employed for efficient sus-

ceptibility models whereby the LiDAR derived terrain model

provides also valuable input to extract influential topo-

graphic variables (Van Den Eeckhaut et al. 2006, 2009).

The application of the interferometric techniques to radar

images is a powerful tool for landslide detection and

mapping at large scale. In particular the A-DinSAR tech-

nique can contribute to the creation of landslide inventory

maps which can be used for susceptibility mapping over

large scale. There are a few of examples in literature of the

use of landslide inventory maps derived from radar images

for landslide hazard assessment (Singhroy et al. 1998; Catani

et al. 2005). It’s worth noticing that the realization of land-

slide inventory maps with InSAR technology benefits from

the integration with optical imagery, geological and topo-

graphic information (Singhroy 2002).

Both Differential SAR interferometry (DInSAR) and

multi interferograms SAR Interferometry (A-DInSAR) can

be used for landslide monitoring. Though it represents a

promising technique for landslide monitoring, the charac-

teristics of the existing satellites put strong constraints on the

use of DInSAR as a monitoring instrument. In particular, the

spatial resolution of SAR images, the time-interval between

two consecutive passages of the satellites and the wave-

length of the radiation are unsuitable for a systematic moni-

toring of landslides that are characterized by relatively rapid

movements or that are located on steep slopes or narrow

valleys (Rott et al. 2000; Refice et al. 2001). Quantitative

information on landslide activity can be acquired in case of

extremely slow movements (velocity <16 mm/year accor-

ding to Cruden and Varnes 1996), affecting large areas with

sparse vegetation (Kimura and Yamaguchi 2000; Rizzo and

Tesauro 2000). However the availability of deformations

time series provided for long period by the radar satellites

as ERS and ENVISAT can be used for the definition of the

recurrence of landslides. At the same time the comparison of

the time series with triggering factors data can define the

causes and the deformation thresholds.

An extensive bibliography contains works on the use of

DInSAR and A-DinSAR for landslide monitoring (Singhroy

and Molch 2004; Strozzi et al. 2005; Meisina et al. 2007;

Fornaro et al. 2009; Prati et al. 2010). In many cases the A-

DInSAR data have been integrated with in-situ monitoring

instrumentation (Strozzi et al. 2010; Tofani et al. 2013b).

The joint use of satellite and ground-based data facilitates

the geological interpretation of a landslide and allows a

better understanding of landslide geometry and kinematics.

Optical imagery can give a great a contribution in the

landslide susceptibility assessment especially in the defini-

tion of the preparatory factors. In particular the use of optical

images is quite common when the analysis is carried out

over large areas since these data can be easily collected. As

reported in Metternicht et al. (2005) optical imagery, as well

as aerial photographs, have provided the main contribution

for the mapping of landslide related factors.

Optical imagery can be used for defining the land cover

(Cheng et al. 2004; Catani et al. 2005; Kirschbaum et al.

2009), geology and lithology (Sarkar and Kanungo 2004;

Grebby et al. 2011), tectonics lineaments (Ramli et al. 2010)

and for the set up of a Digital Elevation Model (DEM) which

can be the inputs data for the heuristic and statistical suscep-

tibility approach.

One of the most intriguing applications currently being

investigated regarding the use of remote sensing is the tem-

poral prediction of shallow landslides. Drawing on recent

advances of satellite remote sensing technology, experimen-

tal landslide prediction models are developed to identify the

timing for landslides induced by heavy rainfall (Hong et al.

2007; Adler et al. 2000).

Satellites have provided global estimates of precipitation

over various temporal and spatial scales since the 1970s. A

long history of development in the estimation of precipita-

tion from space has culminated in sophisticated satellite

instruments and techniques to combine information from

multiple satellites to produce long-term products useful for

climate monitoring. In November 1997, the Tropical Rain-

fall Measuring Mission (TRMM) was launched with the

primary objective of making accurate measurements of rain-

fall and latent heating from space. In particular the Tropical

Rainfall Measuring Mission (TRMM) Multi-satellite Precip-

itation Analysis (TMPA, Huffman et al. 2007) has been used

for landslide prediction at global scale (Hong et al. 2006,

2007).

This chapter provides an overview of the application of

remote sensing for landslide mapping, monitoring and haz-

ard analysis.
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Landslide Susceptibility Assessment Based
on Remote Sensing and GIS in Lombok Island
of Indonesia

Arifianti Yukni, Teerarungsigul Suree, Cita Akbar, Kuehn Friedrich,
and Fuchs Michael

Abstract

In many cases, landslide that are causing severe disasters in populated downstream valleys

occur in remote mountainous areas of Lombok Island. Those areas are difficult to access

and to investigate by conventional ground-based mapping. Remote sensing contributes a

way to collect data and information on remote and inaccessible terrain. Statistical approach

using probability and weighting methodology has been applied to characterize landslide-

prone ground. The methodology combines elements of techniques published by

Greenbaum (Project summary report: rapid methods of landslide hazard mapping. Techni-

cal Report WC/95/30. International division. British Geological Survey. Key worth,

Nottingham, UK, pp 12, 1995) and by Lee and Min (Environ Geol 40:1095–1113, 2001)

allowing for increase of reliability of the landslide susceptibility map as the final product.

Landslide inventory was supported through, and most of factors data have been derived

through GIS processing and interpretation of satellite remote sensing data. Maps of factors

weighted for significance in terms of landslide accountability and probability. The landslide

susceptibility index (LSI) is the summation of each factors’ weight multiplied by the class

value of each pixel, pixel by pixel. This produces an interim landslide susceptibility map as

the preliminary result. Validation of the results in the field composes the final landslide

susceptibility assessment of Lombok Island. The study area was classified into five

categories of landslide susceptibility: very low, low, moderate, high and very high.

Keywords

Landslide susceptibility assessment � GIS � Remose sensing � Lombok

Introduction

During the period of 25 years in Lombok have occurred

several landslides that caused many casualties and properties

damage. Landslides in Lombok mostly occurred on the

mountainous and hilly areas. The most destructive events

with casualties occurred in West Lombok District, a large

landslide triggered by 6.5 RS earthquake in Tanjung Sub

district, caused 28 people killed, more 100 people injured,

destroyed more than 200 buildings and 9,845 houses. On

1994, a landslide at Gerung killed 4 people and destroyed

many houses. Following that year, on 4 and 6 November

occurred in Aikmel Sub district, killed 31 people and dam-

aged hundreds buildings and houses (Rachmat 2004).
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Landslide at Cerorong, Central Lombok District occurred

prior to 1994 which continues until today, forming a deep

and wide valleys (50–75 m), and located <40 m from

settlements, roads and schools (Djaja 2011).

Remote sensing is providing a systematic, synoptic

framework for advancing scientific knowledge of the Earth

as a complex system of geophysical phenomena that,

directly and through interacting processes, often lead to

natural hazards (Zoran 2008) or in this case geological

hazards, such as landslide. Remote sensing processed within

a geographical information system (GIS), to derive a land-

slide susceptibility assessment. GIS are computer based

systems with a high potential to archive, manipulate, analyze

and display geo-referenced data (Aronoff 1989) and are

becoming a major tool for this study.

In many cases, landslides occur in remote areas that are

difficult to access. Remote sensing contributes to improving

reliability of landslide susceptibility assessment through

generalizing perspective provided by sensors in aircrafts

and satellites, overall coverage of large areas at one moment,

non requirement of entering remote and hazardous ground,

and the availability of new quality of remotely sensed data.

A GIS and RS-based method for landslide susceptibility

assessment is proposed by using a quantitative assessment

of bivariate statistical analysis, in this study, using Fre-

quency Probability Ratio (PR) method. The workflow of

this study as shown in Fig 1.

Study Area

Lombok is an island in West Nusa Tenggara Province of

Indonesia with an area of 5,435 km2 with 3,098,480

inhabitants (BPS 2010). Lombok is located at

115�450–116�450 E and 8�000–9�000 S, next to Bali island

is shown in Fig. 2. Topography at northern part of the island

is mountainous area with Mount Rinjani as the highest peak

of 3,726 m above sea level, in the center is lowland, and the

southern part is hilly. This region vulnerable to some natu-

rally hazardous phenomenon such as landslide. There are

conflicts of interest, between hazard assessment concerning

the preservation of natural resources with the growth of

economic activities. Public and private economic losses

from landslides include not only the direct costs of replacing

and repairing damaged facilities, but also the indirect costs

assosiated with lost productivity, disruption of utility and

transportation systems, and reduced property values

(Schuster and Fleming 1986).

Geo-Factor Maps

Landslide susceptibility is the likelihood of a landslide

occurring in an area on the basis of local terrain conditions

(Brabb 1984). The landslide conditioning factor maps (here

called Geo-Factor Maps) provide the information which may

control the occurrence of areas prone to landslides we would

like to predict. The following approved statistical

Fig. 1 Workflow

Fig. 2 Lombok Island
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approaches is Frequency Probability Ratio (PR) method will

resolve the prediction areas prone to landslides by compar-

ing the interrelation between landslide conditioning factors

and the landslide spatial distribution.

Geo-Factor Maps represent a stack of parameter layers

containing the input parameters for the statistical approach

and provide the information which may control the occur-

rence of areas prone to landslides. The following Geo-Factor

Maps affecting landslides was supported through, and most

of have been derived through digital processing and inter-

pretation of satellite remote sensing data. Depending on

mapping scale and on general framework, satellite images

have been used exclusively. The work with the optical satel-

lite data was made very difficult as no useful up-to-date

cloud-free images could be acquired (Kuehn et al. 2011).

The results of remote sensing data interpretation had been

spot-checked in the field between September 19th to 22,

2011.

Landslide Inventory

The inventory of landslides is indispensible input informa-

tion for statistical analysis of susceptibility or hazardous

areas prone to landslides. Inventory taken in the field is the

best prerequisite for successful use of statistical model.

However field survey is time consuming in certain pathless

areas hard to realize. Therefore a remote sensing driven

approach is often used to find landslides (Kuehn et al.

2011). Whereas Carr and Rathje (2008) can identify 94 %

of the area affected by landslides using high resolution

images from Quickbird, Nichol and Wong (2005) can iden-

tify 70 % with images taken from SPOT and IKONOS.

Landslide inventory was derived from different sources.

The landslide inventory then stored in a database applica-

tion called LIDIA, Landslide Inventory Database Indonesia.

147 landslides are of natural origin, 51 landslides are man-

made triggered, and 24 events are without information as

shown in Fig. 3.

Topographic Features

Topographic features information derived from ASTER

GDEM data, a product of METI and NASA. Essential sensi-

tive model parameters will be determined from Digital Ele-

vation Models (DEM) resp. Digital Surface Models (DSM).

The DSM is determined from the optical Advanced

Spaceborne Thermal Emission and Reflection Radiometer

(ASTER). ASTER GDEM is better represents areas with

high relief energy, and available on the project area in

ground resolution of 30 m. The parameters used in the

statistical approach are slope angle and slope aspect, flow

direction, streams of first and second order and elevation as

shown in Fig. 4.

Geological Map

Information on lithology and lineament were obtained from

Geological Map of the Lombok Sheet, West Nusa Tenggara

produced by Geological Agency of Indonesia, shown in

Fig. 5 (Mangga 1994).

The Lineaments have been mapped through visual inter-

pretation of Landsat TM images, completed by Shaded

Relief maps derived from ASTER GDEM.

Master image was the Landsat TM image of path/row

116/066, which was recorded on May 26, 1995. This image

is 100 % cloud-free and of excellent radiometric quality. For

interpretation, False Color Composite images have been

derived from multispectral bands 4, 5 and 7 assigned with

colors red, green, and blue (Kuehn et al. 2011), shown in

Fig. 5.

Landcover/Landuse

The landcover/landuse classification is based on the spectral

bands 1, 2, 3, 4, 5 and 7 which comprise the visual light, the

near infrared and the short wave infrared. The unsupervised

classification for Lombok was worked-out using the ENVI

4.8 ISO-Data Classification Tool for the Landsat ETM +

SLC-Off images path/row 116/066 taken June 11, 2004

and October 15, 2009. Due to the specifics of this data

several preprocessing routines have been applied prior to

unsupervised classification. Final result of Unsupervised

Classification for the Landsat ETM + SLC-Off subset

image, taken October 15, 2009, after gap-filling with major-

ity filter; classes: Unclassified, Water, Bare Ground, Urban

and Bare Ground, Supposed Area of Fire, Forest 1, Forest 2,

Sparse Vegetation 1, Sparse Vegetation 2, Bare Ground

partly with Vegetation Coating, shown in Fig. 6 (Kuehn

et al. 2011).

Fig. 3 Landslide distribution
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Vegetation Indices

The most common Vegetation index calculated from scenes

of mentioned sensors is the Normalized Difference Vegeta-

tion Index (NDVI). NDVI data were determined from dif-

ferent sources; ASTER and Landsat 5, shown in Fig. 7.

However ASTER data from one date doesn’t cover the

whole Island but two third of the Island are covered by two

scenes from the same date. A scene with minimal cloud

cover from 21.06.2010 was chosen for the calculation of

NDVI Areas uncovered by ASTER data (W-part of

Lombok) and gaps caused by clouds were replaced by

MODIS NDVI from the date closed to the ASTER scene

date. Whereas the differences in the data range have been

adjusted by median calculation and subtraction. MODIS

data have been adjusted to the ASTER data with an offset

of �0.16 (Teerarungsigul 2006).

Fig. 5 Lithology and lineament

map

Fig. 4 Topographic feature

Fig. 6 Landcover map (Kuehn et al. 2011)
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Methodology

Image processing was done with the ENVI 4.8 software. All

optical imagery has been corrected for the atmosphere using

“Flaash Atmospheric Correction Module” running under

ENVI as well. Other data layers listed above were processed

and added to a Geo-database with ArcGIS 10 software.

Then, a statistical approach using probability and weighting

methodology was applied to extract standardized weights for

the different layers (Fuchs et al. 2011). The methodology

uses a combination of components published by Greenbaum

(1995) and by Lee and Min (2001) allowing for increase of

reliability of the landslide susceptibility map as the final

product.

The spatial data analysis and integration for landslide

assessment are divided into several steps by using the prob-

ability and weighting method, the spatial relationship

between landslide occurrence and related factors such as

slope, aspect, and so on, were calculated. We assigned

probability of landslide occurrences in each factors class as

the relationship between landslide location and each factor’s
class, that is ratio of landslide occurred cell and total cell.

We assigned weight of landslide occurrences in each factors

class and factor’s, that is importance of classes and factors

effected on landslide occurrence.

The Analysis

A bivariate statistical analysis was applied to this study area,

using Frequency Probability Ratio (PR) method. PR

analyzes the relation of the landslide occurrence due to the

occurrence frequency of the landslide within the parameter

classes (geo-factor maps). All parameter were used, since

this method supports additional ranking weighting that

allows to reduce the influence of the weak parameters. The

calculation of the landslide susceptibility index (LSI) by

summation of each factors’ weight multiplied by the class

value of each pixel, pixel by pixel.

Fr
i
¼ S

i
=N

i
¼ Class Density

S=N ¼ Map density
ð1Þ

LSI ¼
X

Fr
i
Weighting of each factors

0
type

� �
ð2Þ

The first step is to calculate the relationship between

landslide location and factors. The result is number of land-

slide location in each item of factor. Step 2 is using the

probability method to calculate probability of landslide

occurrence in each class of factor (probability ratio).

The next step is assign weight of factor. Calculation of

weights of each factors’ classes (class weight) Calculation of
weights of factors (FW) in terms of reliability probability

(RP) and accountability probability (AP) (Table 1). Reliabil-

ity probability (RP) was calculated by the percentage area of

factors corresponding to landslides. It was computed for

each factor as equation below:

RP ¼

P
% Landslide point in classes having

a probability ratio � 1P
% Landslide & non‐landslide area in the

same classes

ð3Þ

The accountability probability (AP) was calculated by the

total landslide population accounted for each factor. It was

computed for each factor as equation below:

AP ¼

P
% Landslide point in classes having

a probability ratio � 1P
% Landslide point over the entire study area

ð4Þ

The final result is composition of interim landslide sus-

ceptibility map. The level of landslide susceptibility is

measured on the ordinal scale based on the equal interval

values. Then, five levels of relative landslide occurrence are

defined on a landslide susceptibility map: (1) very low; (2)

low; (3) moderate; (4) high; and (5) very high hazard, the

map shown in Fig. 8.

The verification method is performed by comparison of

existing landslide data with landslide susceptibility maps by

tabulation area in GIS environment. The validation results

show satisfactory agreement between the landslide hazard

map based on combination of reliability and accountability

(weighted logical weight) and existing landslide location data.

Fig. 7 NDVI map
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Discussion

GIS and Remote Sensing-based for landslide assessment

applies some factors such as slope, elevation, flow direction,

aspect, lithology, lineament, landuse and NDVI. The analy-

sis resulted in slope, NDVI and lineament as the most influ-

ence factors. The slope factor ranges from 45 to 50 while

dense forest is the land-use class that has a high probability

of landslides. Landslides in Lombok mostly occurred on the

mountainous and hilly areas. The type of landslide is mainly

rotational and translational.

Lithology and lineament was examined to find out how

geological factor affect the landslides. The analysis

demonstrates that lineament is more affected. It creates weak

zone that vulnerable to landslides. This shape built by volcanic

and fault activities. The presence of pumice as unconsolidated

rock proceeds as a weak layer for landslides movement.

The spatial data analysis and integration for landslide

assessment can be divided into three steps:

• To overlay the landslide distribution map with the factors.

• To produce the landslide susceptibility map.

• To perform the probability analysis and weighting.

The landslide susceptibility maps can be derived based on:

• Combination of reliability probability and accountability

probability (logical weight).

• The accuracy of the result depending on the quality of

input data.

• This landslide susceptibility can be predict, where land-

slide will be occurs.

GIS and Remote Sensing technology can ease landslide

hazard assessment. It provides information for immediate

planning and operation of disaster reliefmissions. It also provides

a high efficiency and optimizes time resources. Themethodology

has developed from exclusive technique to standard approach for

provision of Geo-information, especially in a remote and inac-

cessible area. However a field work needs to be done to validate

the analysis. The accuracy of the analysis also depends on the

quality of input data. This landslide susceptibility can be predicts,

where landslide will be occurs. The resulting landslide suscepti-

bility map will be the base for future risk-sensitive land use

planning and DRR activities on Lombok Island.

Acknowledgments The authors would like to thankMatthias Dorn, D.

Balzer, K. Tissahadi, J. Torizin, Dicky M., and D. Kuhn, for their

work and support in the research of Landslide Susceptibility

Assessment in Lombok. This research was fully supported by the

Geological Agency of Indonesia and Georisk Project (BGR/German

Federal Institute for Geosciences and Natural Resources) in 2011.

Credits are given to data provider as USGS, USDA, NCDC, NASA

and METI.

References

Aronoff S (1989) Geographic information systems: a management

perspective. WDL Publications, Ottawa, p 294

BPS (Statistical Agency) (2010) Hasil Sensus Penduduk 2010 Nusa

Tenggara Barat: data aggregate per Kabupaten/Kota. Lombok. BPS

Nusa Tenggara Barat

Brabb EE (1984) Innovative approaches to landslide hazard and risk

mapping. In: Proceedings of the IV international symposium on

landslides, vol 1. Toronto, pp 307–323

Carr LP, Rathje EM (2008) The use of remote sensing to identify

landslides caused by the 2004 Niigata-Ken Chuetsu Earthquake in

Japan. In: Proceedings of 6th international workshop on remote

sensing for disaster management applications, Italy, 11–12

September

Table 1 Weight of importance of factors

Factors

Reliability

Factors

Accountability

Factors

RP + AP

RP Weight AP Weight Weight

Slope 3.86 22 NDVI 91.96 % 22 Slope 18

Elevation 2.61 19 Lineament 79.70 % 19 NDVI 18

Landuse 2.15 17 Lithology 79.40 % 17 Lineament 17

Lineament 1.81 14 Slope 76.65 % 14 Elevation 13

Flow direction 1.39 11 Aspect 69.54 % 11 Lithology 12

Aspect 1.24 8 Flow direction 63.82 % 8 Landuse 10

Lithology 1.23 6 Elevation 54.27 % 6 Flow direction 10

NDVI 1.18 3 Landuse 44.72 % 3 Aspect 10

Fig. 8 Landslide susceptibility map

310 A. Yukni et al.



Djaja (2011) Laporan Singkat Peringatan Dini Gerakan Tanah Lombok

Tengah. Bandung. Pusat Vulkanologi dan Mitigasi Bencana

Geologi

Fuchs M, Kusnadi M, Mukhlis T, Ghele Radja Z (2011) The geo-factor

maps. Mitigation of Georisks. Poster and presentation

GreenbaumD (1995) Project summary report: rapid methods of landslide

hazard mapping. Technical Report WC/95/30. International division.

British Geological Survey. Keyworth, Nottingham, UK, p 12

Kuehn F, Teerarungsigul S, Fuchs M, Arifianti Y, Cita A, Tissahadi K

(2011) Draft of technical report: training and implementation of

landslide susceptibility assessment methodology using remote sens-

ing. Mitigation of Georisks

Lee S, Min K (2001) Statistic analysis of landslide susceptibility at

Yongin, Korea. Environ Geol 40:1095–1113

Mangga SA (1994) Geological map of the Lombok Sheet, West

Nusatenggara. Pusat Penelitian dan Pengembangan Geologi,

Bandung

Nichol J, Wong MS (2005) Detection and interpretation of landslides

using satellite images. Land Degrad Dev 16:243–255

Rachmat H (2004) Potensi dan Mitigasi Bencana Geologi di Nusa

Tenggara Barat. Mataram. Publikasi Khusus Ikatan Ahli Geologi

Indonesia

Schuster RL, Fleming RW (1986) Economic losses and fatalities due to

landslides. Bull Assoc Eng Geol 23:11–28

Teerarungsigul S (2006) Remote sensing for geohazard study in case of

landslide and field investigation in northern part of Thailand. PhD

thesis SUT, Nakhon Ratchasim

Zoran MA (2008) Integrated geospatial system for seismic hazard

assessment in Vrancea area, Romania. In: Proceedings of SPIE

7110, Remote Sensing for Environmental Monitoring, GIS

Applications, and Geology VIII, 71100L. doi:10.1117/12.799939

Landslide Susceptibility Assessment Based on Remote Sensing and GIS in Lombok Island. . . 311

http://dx.doi.org/10.1117/12.799939


Application of Remote Sensing and GIS Techniques
in Landslide Hazard Zonation of Hilly Terrain

Rajeshwar Singh Banshtu and Chander Prakash

Abstract

Himalayan terrain comprise of rolling mountainous and steep topography. The deep gorges,

bank less streams, sprawling catchment area, perennial snow and valley areas form the

landscape in Himalayan region. It is well known that the occurrence of landslides is

controlled by a lot of morphological, geological, and human factors. Prominent factors

include steep slopes, underlying lithology, structure, geomorphology, land use, drainage

and vegetation cover. Information on landslides and some of these influencing factors can

be extracted from remotely-sensed data products through visual and digital image

processing techniques. A comprehensive spatial database can be created in Geographic

Information Systems (GIS) incorporating other ancillary information. In this paper a

landslide hazard map is prepared using the information value method. Information Values

are computed using all the thematic layers. The road network is draped over this hazard

map and the road stretch that falls in the highly landslide prone area is identified. Finally an

alternate route has been proposed ensuring safety from landslide hazard.

Keywords

Landslides � Deep Seated SlopeGravitational Deformations � Spatial Decision Support System

Introduction

Landslides, like other events such as flood, earthquake and

avalanches are natural phenomena which being uncertain are

difficult to predict. Landslide is defined as the movement of

mass of rock, debris or earth down the slope. The economic

loss due to natural hazards in developing countries is about

1–2 % of Gross National Product (GNP), where the contri-

bution from landslide is about 1/4 of the total loss (Hansen

1984). To minimise the damage caused by landslides, infor-

mation is required about when and where it will occur, about

its characteristics, what could be its damaging potential and

what are the elements (i.e., human life, roads etc.) at risk and

their vulnerability. The characteristics of the landslides

include location, size, mechanics of sliding, composition (i.

e. rock, earth or debris), velocity and travel distance. Land-

slide hazard is commonly shown on maps that display the

spatial distribution of landslides and probability of their

occurrence. Remotely sensed data products provide most

authentic and accurate information on Earth’s surface

features and processes involved. In most of the studies,

remotely sensed data products have been used for mapping

of landslides and extraction of information on various geo-

environmental parameters such as lithology, structure,

landuse, drainage, road excavations and vegetation cover,

which directly or indirectly influence slope stability of a

region. In the recent past, various methods and techniques

have been proposed to analyse these factors and to produce

maps portraying the probability of occurrence of similar

phenomena in future. Broadly these methods are can be

classified as direct and indirect methods (Hansen 1984).

The direct method consists of geomorphological mapping

according to which a zonation is made of those sites where
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failures are most likely to occur. The indirect method

includes two different approaches, namely the heuristic

(knowledge-driven) and statistical (data-driven) techniques

(Carrara et al. 1991, 1992). In the heuristic approach,

landslide-influencing factors are ranked and weights are

assigned according to their assumed or expected importance

in causing mass movements. In the statistical approach, the

role of each factor is determined based on the relationship

with the past/present landslide distribution. With the

advancement of computing technology, it has become easier

to apply various statistical methods to analyse landslide

phenomena and derive hazard zonation maps. In this study

we have applied statistical bivariate method for the genera-

tion of landslide hazard zone map.

Bivariate Statistical Analysis

In bivariate statistical analysis, each factor map (for exam-

ple, slope, geology, landuse) is combined with the landslide

distribution map and the weight values based on landslide

densities are calculated for each parameter class (for exam-

ple, slope class, lithologic units, land use type). Brabb et.al.

(1972) were the first to provide example of such an analysis.

They performed a simple combination of a landslide distri-

bution map with a lithologic map and a slope map. Quanti-

tative analysis based on information value serves two

purposes: (a) it enables quantification of geologic informa-

tion, which are otherwise descriptive, hence not suitable for

any type of quantitative analysis and (b) it reveals statistical

relationship of geoenvironmental parameters and landslide

phenomenon (Champati Ray et al. 1995).

Study Area and Data Used

Study area chosen for the present study is the Doon valley in

Dehradun district of Uttarakhand, India. The study area is

confined between the 30�15
0
and 30�30

0
N and 78� and 78�

10
0
E, covering an area of 440 km2 in Dehradun and Tehri-

Garhwal districts of Uttarakhand, India. The increased

anthropogenic activities such as mining, road excavations,

industrialization and deforestation have led to landslides at

many places in the region. The area is characterised by a

rugged topography with hill ranges rising steeply from about

600 m above mean sea level to over 2,300 m with deep cut

valleys. High mountain relief, steep slopes, fractured and

jointed rocks constitute a very favourable setting for failure,

affecting massive basement rocks. Slope varies almost from

level in the plains to very steep in the mountainous regions.

The study area includes parts of the Lesser and Sub Himala-

yan zones and falls in the Zone IV of the seismic zone map

of India.

The Lesser Himalaya or Mussoorie mountain range in the

northwest and northeastern parts, which is bounded by the

Major Boundary Thrust (MBT) in the south, comprises of

the Pre-Cambrian shelf. Geological formations in the Lesser

Himalaya are rocks of the Jaunsar (Chandpur phyllites and

Nagthat quartzites) and Mussoorie group (shales, sandstone,

greywacks, calcareous slates, dolomite and lime stone of

Blaini-Krol-Tal sequence). Though sedimentary in nature,

the rocks have very low inter-granular porosity and are

characterised by fissures, fractures and joints.

The Doon valley consists of young sedimentary material

over tertiary rocks. Doon gravels consists partly of crushed

Siwalik cobbles, angular pebbles of quartzites, slates and

shales from the Nagthat, Chandpur and Tal formations and

limestone pebbles from the Krol limestone with clay beds.

Siwalik hills which are to the south of Main Boundary

Thrust (MBT) consists mainly of tertiary rocks. The area is

also characterised by a number of faults, joints and thrusts in

the region exhibiting the structural control and tectonic

actives in the area. Three broad geomorphic complexes in

the area are structural hills, residual hills and plains with a

range of drainage patterns from dendritic to parallel and

radial.

Quarrying the Mussorie limestone and establishment of

limestone-based chemical industries has led to high levels of

pollution, slope toe removal due to excavations and defores-

tation. All these activities have accelerated the rate of soil

erosion and other degradation processes in the area.

Data Acquisition and Generation of GIS Data
Base

In the present study, most of the data layers or thematic

layers are derived from remotely sensed data products in

conjunction with the field observations and other ancillary

information. Important spatial objects are extracted from

these data and the hard copies are converted into digital

form so that it can be entered into the system. This requires

pre-processing of the data prior to encoding and attributing.

For example, image enhancement and classification is done

for extracting important spatial objects from satellite data,

digitisation to convert hard copy data set into digital form

and georeferencing so as to know the geodetic location of a

feature.

Image Enhancement

For extracting spatial objects by visual interpretation, image

is enhanced by applying various image processing

techniques. Using contrast-stretching technique, the slight

differences between spatial features are amplified and were
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observed readily. By principal component transformation a

new set of layers (also called components) are generated

which are not correlated with each other. PCT2 image

obtained after principal component transformation was

found to offer better discrimination capability than the rest.

False Colour Composite was generated from bands 4, 3,

2 respectively. In this FCC geomorphological features, veg-

etation cover and land use pattern can easily be identified.

FCC of principal component images highlights landforms,

geology and water bodies.

Classification

In the present study supervised classification technique,

which identifies object of interest prior to classification

is used. Training samples were taken from the features

identified in the field and from the inventory information.

For classification maximum likelihood classifier is used. The

final land use/land cover map is prepared by integrating data.

Various land use/land cover classes are barren land,

cultivated land, urban area, sparse vegetation land, forest

area and rivers.

Visual Interpretation

Landslide scars and escarpments are delineated and mapped

using PAN data and FCC. In PAN data change in tone,

concave shape, eroded slopes were used as key in

demarcating the landslides. In PAN data, the run out surface

of the slide on moderate slope can be easily identified and

mapped. Vegetation cover, high moisture content and prox-

imity to hills is used as key in demarcating landslides on

FCC. Vegetation cover and shape are the potential factors in

identifying landslides from multispectral band data. Land-

slide movement has disrupted vegetation cover and has

eroded the soil on rock surfaces. As a result, rock surfaces

are exposed on landslide area with different spectral

characteristics. Landslide debris forms a concave shape

with moisture content higher than the existing surface

resulting in different spectral characteristics. Landslides

occurred in the area are identified and mapped using FCC

of principal component images. All the demarcated

landslides are stored in one data layer. Various geomorpho-

logical features are identified easily on this FCC and also

high pass filter image is used for interpretation of the geo-

morphic features. Main landforms identified in the region

are structural hills, residual hills and plains. Various geolog-

ical and water bodies are visually interpreted from the FCC

of principal component images. Debris with higher moisture

content than the surrounding area is readily identified in this

FCC. Drainage pattern is mapped from the SOI topographic

maps and band-4 imagery of L1SS-II data. Lineaments and

structural features are visually interpreted from directional

filtered products of contrast stretched band-4 image.

Lineaments are also extracted from the first principal com-

ponent image, which accounts for the maximum spectral

variation. Lithological and structural interpretation was

carried out with the help of published geological map

(Panikkar 1996).

Data Processing

The maps were digitised in line mode (vector format) and

were converted into raster format for spatial analysis. Spatial

objects identified and delineated on image data were either

first traced and then digitised or onscreen digitisation was

also carried out. Contours at an interval of 100 m are

digitised from SOI topographic maps of the area. From the

contour map, Digital Terrain Model (DTM) of the study

area is prepared. To create DTM, the digitised contour

lines are interpolated using standard procedure in the

ILWIS 2.1. From the DTM, slope steepness map giving the

inclination at a point is calculated using following function

of ILWIS 2.1.

Slope ¼ hyp ((dx,dy)/pixelsize)*100

where dx and dy are linear directional filters.

From the DTM, aspect map showing the direction of

slope, is calculated using following formula

Aspect ¼ raddeg (atan2(dx,dy) + pi)

Three dimensional view is obtained by draping the

FCC321 on DTM. Drainage influence zone and lineament

influence zones are generated using the neighbourhood

operations module available in ILWIS 2.1. First a distance

map is generated which is further classified into two zones of

influence i.e. high and negligible. It is assumed that

lineaments and various streams influence landslide upto a

distance of 250 m. Hence the two zones generated comprise

area within 250 m and outside 250 m respectively from the

corresponding fault or streams.

Georeferencing

Before entering any data into a GIS environment, all the data

should share a common coordinate system. This is accom-

plished by georeferencing all the data with respect to a

base map. The base map has been prepared from the SOI

topographic maps at 1:50,000 scale with known coordinates.

All the data have been georeferenced to the base map

by means of an affine transformation. LISS-II data have

been georeferenced and resampled using the nearest

neighbourhood interpolation method.
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Data Analysis and Hazard Zonation

The occurrence of landslide depends generally on complex

interactions among the various geo-environmental para-

meters. Analysis of landslide hazard requires an understand-

ing of the relationship among the parameters. In the present

study, spatial statistical modeling technique, i.e. information

value method (Yin et al. 1988) is evaluated and used to

assess the potential of such methodology for landslide

hazard zonation.

Information Value Method

By comparing the different conditional probabilities with the

average landslide probability over the entire investigated

area, it is possible to know the relative importance of each

parameter affecting landslides in the area. With some

modifications, this approach has been applied in the present

study. The information value equation is expressed as the

logarithmic ratio of conditional probability of a thematic

feature and the average landslide probability over the entire

area, i.e.

Ij ¼
P L

Aj

n o

P Lf g ð1Þ

where Ij is the predictive information of occurrence of event

L if feature A is present under state j. P{L/Aj} is the condi-

tional probability of event L to occur under the condition of

feature A and state j. This is same as the conditional proba-

bility of landslide (L) to occur because of spatial feature (A)

present in one of the thematic (jth) layer. P{L} is the proba-

bility that event L will happen in the selected area

irrespective of any evidence. For example, an area with

total N{Total} pixels shows landslides in say N{L} pixels

then the average density of the landslides in the study area is

equal to N{L}/ N{Total}. This is same as the probability of a

random pixel containing landslide in the study area and this

is known as prior probability, i.e. P{L}. The larger the value

Ij, greater the risk of landslide for pixel i.

Calculation of Information Value Using GIS

In the present study, parameter values required to calculate

information value are obtained by crossing landslide map

with a certain parameter map. Map crossing results in a cross

table showing the number of pixels per class occupied by

landslides and total number of pixels in each class. The

remaining values, necessary to calculate information value,

are obtained from these values. In the present study mapcalc

module of ILWIS 2.1 is used to calculate information value

ivalue ¼ log(classden/mapden)

where

classden ¼ nslclass/nclass

mapden ¼ sum(nslclass)/sum(nclass) ¼ nslmap/nmap
nslclass ¼ number of pixels with landslides in a class

nclass ¼ number of pixels in the class

nslmap ¼ total number of landslide pixels in the map
(thematic layer)

nmap ¼ total number of pixels in the map

ivalue ¼ information value
For calculation of information values, 40 landslides

identified using LISS-II data are used.

The information values are calculated for each of the

classes in all the thematic layers.

Hazard Zonation

Computed information values are attached to each class by

replacing the class attributes by information values. The

resulting map was a value map encoded with information

value instead of class name. Based on the information values

for all the thematic layers, value maps representing informa-

tion value are generated. All raster files containing the infor-

mation value for each thematic layer were then added

together using simple map combination operation in

ILWIS 2.1. The resultant data layer obtained was re-

classified into hazard classes by grouping a range of infor-

mation value into a single class. The criteria for defining the

limits of each zone is obtained by plotting a graph between

number of landslide pixels taken for the purpose of model

developing and information value obtained.

Pixels containing higher information values were classi-

fied as very high hazard zones and cells with the least values

were classified as very low hazard zones. Rest of the pixels

were classified into low, average and high zones depending

upon the proximity of their information values from very

low and very high hazard zones. Resultant map is hazard

zonation map showing the division of land surface into

different zones.

Accuracy Analysis

To check the reliability of the method, 21 landslides cover-

ing an area around 6,000 m2 and 1182 pixels, are taken.

These are mapped from IRS-PAN data and from published

map (Panikkar 1996) of landslide locations in the area.

Accuracy was calculated in a very simple manner by

calculating the percentage of pixels falling in the predicted

unstable and potential landslide zones. It was observed that
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80 % of the landslide pixels fall in the predicted landslide

hazard potential zones.
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Route Selection

The digitized road network from the SOI topographic maps

is draped on to the final hazard map (Fig. 1). The road stretch

that is falling on the highly hazardous zone can be easily

marked by visual interpretation. The alternative route have

been located passing through regions having low and very

low hazard zones. Three routes have been identified and are

shown in Fig. 2. An extensive survey is required on the

above proposed routes to finalize the most optimum route

taking care of gradient criterion. While deciding the final

route, it should be kept in mind that the already existing

small roads are made use of for connecting the origin and

destination of our interest.

Conclusion

Planning for the development and to reduce the loss of

property and risk to human life in hilly regions with

potential landslide occurrence is of primary concern.

Such tasks require reliable and up to date information

about the area susceptible to landslides, i.e. potential

landslide prone zones. Hazard zones draped on to DTM

and also draped with road provide very useful and vital

information about risk on state highways and also to

human settlements. The approach in the study offers a

new dimension on hazard preparedness, as the hazard

zone map can be updated in a very short time using

GIS, as and when required. Whereas, it would take

enormous time and cost if conventional technologies are

used.
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Mapping the Deformation of Shuping Landslide
Using DInSAR and Offset Tracking Methods

Jinghui Fan, Hao Lin, Ye Xia, Hongli Zhao, Xiaofang Guo, and Man Li

Abstract

Shuping landslide, belonging to Zigui county, Hubei province, is located on a north-

inclined slope at the south bank of Yangtze River and about 50 km away from the Three

Gorges Dam. The landslide occupies less than 1 km2 and is covered by densely vegetations.

Since the first impoundment of the Three Gorges Reservoir ended on June 15, 2003, the

landslide has suffered obvious deformation. The maximum value of Shuping landslide in

special month is up to several decimetres.

Concerning Shuping landslide displacement mapping, both DInSAR and offset tracking

methods have been limited by the multi-metric spatial resolution of the previous generation

of space-borne SAR sensors (e.g. ENVISAT ASAR or PALSAR).

In this paper we use 4 TerraSAR-X Spotlight images with submetric spatial resolution

and apply both DInSAR and offset tracking method to map the deformation field of

Shuping landslide. Three images acquired in January, 2012 are processed with DInSAR

method. And the other one acquired in January, 2013. As for the offset tracking method,

1 pair with time baseline near 1 year is processed.

After the deformation field mapping, two deformation cones are identified by both

DInSAR and offset tracking methods. It is shown by our work that high spatial resolution

SAR data can provide an unprecedented level of high density and high precision measure-

ment for recognizing the landslide surface deformation. Simultaneously, the measurement

has the guiding function for selecting point location to GPS and leveling.

Keywords

Shuping landslide � terraSAR-X spotlight image � DInSAR � Offset tracking

Introduction

Since the middle of the twentieth century, with the world

population continue to grow the space of human’s activity
gradually expanded and the large scale of the project activity

are increasing, together with the influence by global climate

change and other factors, landslide occurred frequently and

caused increasing economic losses and casualties. The latest

2012 China Land Resources Communique (China Govern-

ment 2012) pointed out : in 2012 , a total of 14,322 geologi-

cal disasters occurred in China, in which there are 10,888

from landslides , accounting for 76 % of all types of
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geological disasters , landslides seem to have becoming the

most serious natural disasters in China.

Landslide is a geological phenomenon and widely

distributed in every province in China, particularly in the

Midwest, southwest part, south China and east China. Most

of the landslides due to its long development cycle, more

unstable, when suffer from external power. It’s very easy to

fall down and produce powerful destruction, leading to sig-

nificant damage to people’s life and property.

During analysis of the formation mechanism of land-

slides, how to implement an effective monitoring and early

warning becomes particularly important for protecting

people’s livelihood. Traditional landslide monitoring such

as the surface deformation monitoring, the surface crack

monitoring, deep displacement monitoring, underground

water level monitoring, deep pore-water pressure monitoring

and in-situ stress monitoring, etc (Xia et al. 2012), which

can’t response the overall landslide deformation trend very

well because of the sparse monitoring point. Thanks to the

development of Synthetic aperture radar (SAR) technology

recently years, which can make up for the deficiency of the

traditional monitoring methods.

DInSAR technology has become a well-known method in

surface deformation, and there are many successful exam-

ples in landslide deformation monitoring, its precision can

reached to sub-cm level. However, due to the inherent

characteristics of DInSAR technology, DInSAR is hardly

to obtain the surface displacement in areas with dense vege-

tation covered, mutation surface deformation because of the

easily lead to loss of coherence (Colesanti and Wasowski

2006; Hilley et al. 2004; Xia et al. 2002). Offset tracking

technology can make up for the lack of DInSAR technology

because of which doesn’t rely on the coherence of SAR

signal but using backscatter intensity information. However,

over-reliance on the resolution of the SAR images, the offset

tracking technology deformation monitoring accuracy is just

about 1/20 of the SAR image resolution (Strozzi et al. 2002;

Raucoules et al. 2012). Although its accuracy cannot be the

same as the DInSAR technique which can reached sub-cm,

but it’s also very useful for detection some areas with larger

deformation. The lower resolution SAR satellites launched

before 2007 are almost cannot be used in offset tracking

technology to detect such a small area with small deforma-

tion like landslide, The higher resolution SAR satellite

terraSAR-X and cosmo-SkyMed are launched inject new

vitality for this technology after 2007, which take offset

tracking technology into an practical significance in land-

slide monitoring with small area.

General Situation of the Study Area

Shuping landslide, belonging to Zigui county, Hubei prov-

ince, is located on a north-inclined slope at the south bank of

Yangtze River and about 50 km away from the Three Gorges

Dam (Fan et al. 2010a, b), Geographical coordinates is about

E110�3700000, N30�3705900(shows in Figs. 1 and 2). The

landslide occupies less than 1 km2 and is covered by densely

vegetations all over the year. Since the first impoundment of

the Three Gorges Reservoir ended on June 15,2003, the

landslide has suffered obvious deformation. The maximum

value of Shuping landslide in special month can reach sev-

eral decimeters, which bring immeasurable threat to the

Yangtze River waterway.

The Data Source

The high-resolution radar satellite TerraSAR-X reliably

provides high-resolution SAR imagery with a resolution

up to 1 m independent of weather conditions. With its

active phased array SAR antenna (frequency 9.6 GHz),

TerraSAR-X acquires new high-quality radar images of the

entire planet whilst circling Earth in a polar orbit at 514 km

altitude (Eineder et al. 2009). Perpendicular baseline is

determined by the distance between two observations along

the LOS (Line Of Sight) direction and plays an important

role in InSAR technique. Long perpendicular baseline tends

to cause the geometric decorrelation leading to innegligible

phase errors. As for the 6 TerraSAR-X images (whose

parameters are listed in Table 1) used in this paper.

At the same time, some CR reflectors were established in

some representative point on the landslide for auxiliary

DInSAR deformation monitoring. In order to analysis the

SAR monitoring accuracy, we also had set level and GPS

monitoring point on every CR reflector.

Method and Result Analysis

The particularity of Shuping landslide bring some inconve-

nience for deformation monitoring by the use of DInSAR

method, especially in 4–9 month every year. It can be

divided into three main aspects: (1) the landslide is covered

by high-density orange trees all the year, especially this

period is the season of orange trees growing, the landslide

surface vegetation changed largely in every mouth; (2)
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before the flood season coming, a large amount of water fall

down from Three Gorges Dam, the river water level chang-

ing dramatically during this period, and the largest falling is

up to 30 m, lead to the one side of landslide lost its backing

and the sliding resistance decreases. (3) In the meantime,

here is the rainy season, the infiltration of rainwater, leading

to an increasing of landslide body’s weight and reducing the
shear stress of sliding surface. A lot of factors take the

overall Shuping landslide into instability situation in this

period, landslide deformation is about 40 cm to north as a

whole, while local variables is added up to 90 cm. The larger

surface change is easily lead to the loss of coherence for

SAR interferometric and the difficulty for phase

unwrapping. Therefore, it’s not conducive to using conven-

tional DInSAR method to monitor the landslide deformation

in this period, which directly affects the monitor time series

over the year. Offset tracking technology is a well method

can make up for the deficiencies in DInSAR technical

because of not sensitive with the loss of coherence.

DInSAR Principle

2-pass DInSAR is based on an interferometric image pair

and a Digital Elevation Model (Liu et al. 2012), First of all,

the Image pairs should have a better coherence, than conju-

gate multiplication the image pair to obtain interferogram, if

the interferometric baseline is not zero, the phase value ϕint

is in fact consists of five components, it can be expressed as

the follows:

ϕint ¼ ϕmotion þ ϕtopo þ ϕflat þ ϕatmo þ ϕnoise ð1Þ

where ϕint is the phase values from the image pair conjugate

multiplication; ϕmotion is the phase values form landslide

deformation; ϕtopo is the topographic phase, it can be

removed through introduce external high precision DEM

and known space baseline with the 2-pass DInSAR method;

ϕflat is the ground phase caused by reference ellipsoid, it can

be removed through a known accurate space baseline; ϕatmo

is the atmospheric delay phase, it can be modified through

averaging multiple interferograms or use external data such

as GPS, MODIS, MERIS to correct, if the atmospheric

Fig. 1 Location of Shuping

landslide

Fig. 2 3D view of the landslide

Table 1 Parameters of the SAR data used in this paper

Acquired time (YYYYMMDD) Other parameters

20120102 Polarization: HH

Descending

Right look

Look angle: 43.6�

Range pixel size: 0.45 m

Azimuth pixel size: 0.86 m

Bandwidth: 300 MHz

20120113

20120124

20130110
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composition remains unchanged during the two Imaging

time, it can be ignored. ϕnoise is the noise phase caused by

thermal noise, speckle noise, etc. you can reduce its strength

through the filter.

From the (1), remove all kinds of disturb phase, we can

get ϕmotion, than unwrap it to absolute phase form twining

[�π, + π]. Eventually using the following (2) to calculate

surface deformation value ΔR in line of sight direction

(LOS).

ΔR ¼ λ

4π
ϕmotion ð2Þ

in which λ is SAR Sensor wavelength.

Due to the particularity of Shuping landslide and the

limitation of the DInSAR method in deformation monitor-

ing, the interferometric image pairs should not separate too

long time. Therefore, we select three pairs consist of three

SAR images in January 2012 for interferometry, in the end,

we have got three deformation diagrams with 11days and 22

days apart. Figure 3 shows a clearer landslide boundaries

and overall deformation characteristics of Shuping landslide,

the results show that in the stability period, the landslide

deformation in LOS direction is about 1 cm/month.

Offset Tracking Principle

The basic idea of Offset tracking technology is:(1) overall

registration the two SAR image accurately and calculate the

overall offset polynomial; (2) calculate the sub-pixel offset

through spatial resampling the image and select appropri-

ately sized of sliding window to analysis the sub-pixel’s

correlation; (3) Sub-pixel registration offsets minus the over-

all offset polynomial and remove the system errors caused

by the two image in different imaging time with different

spatial location; (4) Separate the real part and imaginary

part, obtain the deformation in azimuth direction and range

direction. Based on pixel coherence and based on pixel

intensity are two main methods for offset tracking. In this

paper, we select the second method for research, because of

the method does not depend on the coherence of the image

pair, ant than we can monitor the landslide with a longer

time interval, the larger deformation and the serious loss

coherence.

The core algorithm of the offset tracking method based on

intensity is to find the intensity cross-correlation peak. It

learned the traditional optical image matching method

which is called normalized cross-correlation by use of SAR

image’s speckle noise. It will be have a highly coherence if

the image pair have similar speckle noise, especially the

small baseline image pair. The intensity tracking principle

based on normalized cross-correlation is that, select a

reference window ( or called Template window ) in the

master image, and then moves the reference window

according to a certain number of row and column in the

slave image, calculate the cross-correlation coefficient

through reference window corresponding to slave window

Fig. 3 The DInSAR deformation results
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(or called query window), than look the query window with

largest cross-correlation coefficient as the best match target

window , calculate the displacement between the reference

window and target window . The follows is Cross-

correlation coefficient calculation equation:

NCC i; jð Þ ¼
X

k, l
s iþ k, jþ lð Þ � μsð Þ r k; lð Þ � μrð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
k, l

s iþ k, jþ lð Þ � μsð Þ2
X

k, l
r k; lð Þ � μrð Þ2

q ð3Þ

where (i, j) is the starting point of the query window, (k, l) is

the starting point of the reference window, r is the pixel

value of the reference window, s is the pixel value of the

query window, μr is the average pixel value of the reference
window, μs is the average pixel value of the query window.

By (3), we can get the peak value between the reference

window and query window, and finally obtain the registra-

tion displacement. The registration displacement can be

considered as both of orbit offset and the landslide move-

ment displacement (Hu et al. 2008):

Roffset ¼ Rorbit þ Rmotion ð4Þ

Because much of the SAR image area is stable, the

displacement can be assumed to be zero, the registration

offset of these regions approximately equal to the orbit

offset. Based on the registration offset, the orbit offset

model can be fitted using least-squares method, the follow-

ing (5) is often used to fit a polynomial function (Strozzi

et al. 2002):

Δr ¼ C1
r þ C2

rxþ C3
ryþ C4

rxyþ C5
rx2 þ C6

ry2

Δa ¼ C1
a þ C2

axþ C3
ayþ C4

axyþ C5
ax2 þ C6

ay2
ð5Þ

where Δr and Δa respectively means the range offsets and

azimuth offsets for slave image relative to the master image.

Ci
r is the fitting coefficients in range direction, Ci

a is the

fitting coefficients in azimuth direction. (x, y) is the pixel

location in master image.

When we got the Roffset and Rorbit, connect with formula

(4), the actual deformation offset Rmotion of landslide can be

easily figured out.

In this article we select two SAR images in 20120113 and

20130110 to use offset tracking method, which is separated

by nearly 1 year. Figures 4 and 5 shows a clearer landslide

boundaries and overall deformation characteristics of

Shuping landslide. Form the results we can see that the

Shuping landslide’s overall displace direction is pointing to

the Yangtze River, at the same time, there are two small

landslides developed on it. The average displacement rate of

Shuping landslide is nearly 40 cm/year in the azimuth direc-

tion and 50 cm / year in the range direction, even more the

largest displacement is up to 90 cm/year in range direction.

The displacement results have a better consistent with the

actual measurement results obtained by GPS and Level.

Conclusion and Prospective

So far, the DInSAR technology has been very mature,

which has achieved some very good results in landslide

deformation monitoring. But the offset tracking technol-

ogy is rarely used in small areas because of the limitation

of lower resolution SAR satellite, Thanks to higher reso-

lution SAR systems such as the German TerraSAR-X, or

the Italian COSMO/SkyMed, which provide a guarantee

for deformation the large scale, low coherent areas and

greatly improved the accuracy of offset tracking method.

InSAR technique in landslide monitoring is

unmatched and unique! As more and more higher resolu-

tion SAR satellites are launched, InSAR technique will

play a much stronger role in the landslide monitoring.

Fig. 4 20120102–20130110(azimuth 374days)

Fig. 5 20120102–20130110(range 374days)
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Rainfall-Triggered Shallow Landslides Mapping
Through Pleiades Images

Davide Zizioli, Claudia Meisina, Massimiliano Bordoni, and Francesco Zucca

Abstract

This paper presents the analysis of Pleiades images for the detection and the mapping of

rainfall-induced shallow landslides in an area located in the Northern Apennines of Italy.

The high resolution of the used images allowed to efficiently recognize also the landslides

with small size and to quickly create an inventory map of these phenomena. Field

investigations carried up for checking the real presence of the mapped landslides showed

a good agreement with the detected through Pleiades images landslides, also in terms of

appearance and size of these phenomena. For these reasons Pleiades images can be an

useful device for identifying landslides events and to create a complete database of

susceptible areas.

Keywords

Landslides � Remote sensing � Pleiades

Introduction

Shallow landslides are triggered by intense rainfalls of short

duration. Even though they involve only small portions of

hilly and mountainous terrains, they are the cause of heavy

damages to people and infrastructures. The identification of

shallow landslide prone-areas is, therefore, a necessity to

plan mitigation measures.

Making an accurate database relative to the phenomena

occurred after an event, is an important input to develop and

validate shallow landslide susceptibility maps using probabi-

listic methodologies like logistic regression or generalized

additive models Remote sensing techniques are generally

used for the detection and mapping of landslides.

Stereoscopic analysis of photogrammetric products is gener-

ally the most used technique for mapping landslides, specially

combined with intensive field surveys. Today, landslides

detection and mapping benefits from optical imagery (Tofani

et al. 2013). The new generation of high resolution satellites

presents resolutions ranging from 0.5 to 2 m and offers a tool

for a quick reproduction of regional inventory maps. Pleiades

is the most recent satellite mission providing optical images at

Very High Resolution (VHR) (<1 m for panchromatic and

<3 m for multispectral images in the four bands VIR and

NIR). Active since 2011, it is composed by a constellation of

two satellites, operating in the same sun-synchronous phased

orbit with an offset of 180� offering a daily revisit capability

over any point on the globe and that is able to capture

panchromatic tri-stereo images at very high resolution. The

mission is part of the French-Italian ORFEO system (Optical

and Radar Federated Earth Observation) and is managed by

CNES (Centre National d’Etudes Spatiales) and ASTRIUM

Geo-Information Services.

The work aims to present the first results of Pleiades

system to implement a database of landslides related to the

events of March–April 2013 in Oltrepo Pavese (Northern

Italy).
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The Study Area

Oltrepo Pavese, which is located in the Northern Apennines

of Italy, covers an extension of 1,100 km2 and it is

characterized by a high density of mass movements and

has historically suffered from widespread damage from

landslides. More recently extreme rainfall events have trig-

gered shallow landslides in areas which were not yet

affected by these types of phenomena. An important event

happened subsequently to rapid snowmelt and intense rain-

fall in April 2009 (150 mm of rain in 48 h, which

corresponds to the 20 % of the annual average amount) in

the north-eastern sector: several (more than 1,600 shallow

landslides) were triggered causing fatal victim and damag-

ing/blocking roads in several places (Zizioli et al. 2013).

Other minor events were recorded in 2010.

In the 2013 another important event occurred in the

period March-April and was probably caused by the

cumulated rainfall amount of this period (till 227.8 mm

were measured in Canevino rain gauge in the central sector

of Oltrepo Pavese, equal to 28.5 % of the annual average

amount) and which affected a more larger area located in the

central-northern sector.

Methods

Within a Pleiades evaluation program named Pleiades User

Group, kindly organized by ASTRIUM Geo-Information

Services, the Department of Earth and Environment Sciences

of the University of Pavia received a Pleiades-1A triplet over

a portion of Northern Oltrepo Pavese for research purposes.

The images composing the triplet were acquired on April 17,

2013. The average viewing angles of the three images are,

respectively, �4�, 2� and 8� in along-track direction with

respect to the nadir and close to 15� in across-track direction;
ground sample distance varies between 0.72 m and 0.78 m,

depending on the viewing direction.

The exterior and interior orientation of each image is

described by the Rational Polynomial Coefficients (RPCs)

available as metadata information. For the evaluation of the

orientation accuracy and, eventually, its improvement, the

coordinates of 38 Ground Control Points (GCP) clearly

visible in the scenes were acquired using static GPS

measurements. The accuracy of the initial RPCs, assessed

in each image in correspondence of the available GCP, was

in the range of 2–4 m. For accurate processing, the given

RPCs were improved by estimating six parameters modeling

an affine transformation to remove systematic errors (Poli

et al. 2009, 2013). The estimation was run simultaneously

for the three images in a block adjustment using the well

distributed GCPs and, as result, a set of correction

parameters was estimated for each image to achieve sub-

pixel accuracy; the final RMSE was in fact 0.138 pixel. The

DSM was generated with a multi-image least-square

matching, as described in Poli et al. 2009, 2013, using a

grid space of 2 m and it was used during orthorectification

process.

The images covered an area of ~290 km2 (Figs. 1 and 3).

The landslides of the 2013 event were detected though visual

interpretation of single and stereoscopic images using the

software ERDAS Imagine.

Particularly digital stereoscopic analysis of panchromatic

triplet images for the extraction of three- dimensional infor-

mation related to landslides perimeter, trenches and scarps

were used. In the inventory, a single polygon was used

to portray a single slope failure or a group of coalescing

failures.

Fig. 1 Location of the study area

covered by the April 2013 tri-

stereo Pleiades images
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The technique worked where the visual evidence of the

slope failures on the image was sufficiently clear. DSM of

difference between Pleiades derived DSM and a previous

DSM obtained by 2007 photogrammetric aerial survey,

allows also to identify the accumulation areas and the

scarps/detachment areas (Fig. 2).

The field surveys, carried out in a validation area, were

used to check locally the accuracy of the landslide mapping

obtained through the analysis of the satellite images. Field

work was also carried out in order to check the landslide

typology and the depth where the movement occurred. The

comparison with previous inventory allowed to distinguish

among (a) landslides of new activation triggered by the

March-April rainfall event; (b) reactivation of 2009–2010

landslides; (c) reactivation of older landslides.

Results

The collected Pleiades images were used for mapping the

landslides triggered by the rainfall events of March and of

the first half of April 2013 in Oltrepo Pavese. The landslides

database obtained through this device consists in about 440

landslides in an area of about 210 km2 (Fig. 3).

The database is essentially constituted by shallow

landslides (Figs. 4 and 5). The identified shallow failures

were mainly developed in colluvial soils over bedrock. The

depths of shallow landslides slip surface range between 0.4

and 1.2 m from ground surface and are especially located at

the contact between soil and weathered bedrock. These

movements occurred mainly in correspondence of vineyards

and uncultivated terrains (Fig. 4), and, according to what

was already seen for the 2009 event (Zizioli et al. 2013), they

were often located in correspondence of a slope angle

changes, from a gentle to a steep slope, and at the top of

the slope. Field work allowed to confirm the real presence of

almost all the landslides mapped through Pleiades images,

confirming the very high reconnaissance capabilities of Ple-

iades images despite the small size of these phenomena

(Figs. 4 and 5). The analyzed Pleiades images allowed to

recognize event 2009 shallow landslides which are still

visible, also to evaluate reactivation of some of these phe-

nomena or to border better the bodies of landslides already

mapped.

Despite the rainfall-induced shallow landslides, a little

number of deep landslides was found (Figs. 6 and 7). These

phenomena are characterized by a depth of the slip surface

higher than 2 m from ground, and involve a larger hillslope

volume interesting in many case also the bedrock materials

underlying the colluvial soils. On a preliminary analysis of

the typology of these landslides, complex landslides and

rotational slides evolving in flows were mainly identified

(Figs. 6 and 7).

Fig. 3 Landslide inventory of the April 2013 draped over an

orthorectified Pleiades panchromatic image

Fig. 2 DoD, DSM of difference showing the accumulation areas and

the scarps/detachment areas
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Fig. 4 Typical examples of

shallow translational landslides

triggered in vineyard (1) and in a

wheat field (2) detected through

field work and Pleiades images

Fig. 5 Examples of shallow

translational landslides triggered

in uncultivated field detected

through field work and Pleiades

images

Fig. 6 Complex landslide

triggered in the Versa Valley

(Eastern Oltrepo Pavese)

involving an area of about 7.3 ha

and with a scarp height of about

2 m detected through field work

and Pleiades images

Fig. 7 Michelazza deep

landslide (Ruino Municipality,

Central Oltrepo Pavese) detected

through field work and Pleiades

images
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Conclusions

The landslides of the 2013 event were detected through

the visual interpretation of single and stereoscopic images

in the Oltrepo Pavese with Pleiades images. These have a

global coverage and the acquisition “on demand” makes

the images readily available with a cost/benefit ratio

relatively low. Nevertheless, the large coverage of a sin-

gle image allows for an easier handling of the data rather

than how is possible with aerial surveyed images divided

into several smaller tiles. This is reflected in every stage

of analysis, from the block adjustment to the orthorecti-

fication passing through the creation of DSMs.

A good agreement between Pleiades method mapping

and field work mapping was founded, suggesting the high

potential of use of Pleiades techniques in order to identify

landslide events, and also their main features in terms of

classification.

The updated landslides database will allow the indi-

viduation of critical areas and study of the predisposing

factors of the shallow landslides in the Oltrepo Pavese

and the development of a susceptibility map dealing with

rainfall-triggered shallow landslides, based on historical

events. The database will be a useful tool in territory

planning, in decision support system during emergency

situations and in the planning of mitigation measures

against hydrogeological hazard.

Future work will include a more detailed classification

of the 2013 event landslides in relation with movement

features and involved soil and bedrock types, and will

also be devoted to create an objective automatic detection

of occurred phenomena using the pan-sharpened images.
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Monitoring the Activity of Landslides in the Coastal
Zones of Reservoirs with SAR Interferometry

Zbigniew Perski, Guang Liu, Tomasz Wojciechowski, Fan Jinhui,
and Antoni Wójcik

Abstract

This work presents the preliminary results of the exploration of Synthetic Aperture Radar

(SAR) data archives of Envisat and TerraSAR-X data with multitemporal interferometric

techniques like Persistent Scatterers Interferometry (PSI) and Small Baseline Interferome-

try (SBAS). The analyses were performed on two test areas located in vicinity of Rożnów

reservoir in Southern Poland and Three Gorges area in Hubei province in China. Both areas

are very challenging for interferometric techniques due to the very rough topography,

sparse urbanization, dense vegetation and forest cover. Therefore big part of the work was

devoted to improvements of algorithms and data processing chain.

It was found that the number of detected Persistent Scatterers (PS) could be increased by

improvements applied to interferograms generation. In terms of PSI processing a multi

criteria Persistent Scatterers Candidates selection method was used. The authors noticed

that for such problematic areas it is still possible to successfully detect a number of PS but,

the interpretation of the associated deformation is difficult and requires further studies.

Keywords

SAR interferometry � Persistent scatterers � Carpathians � Three Georges

Introduction

The current paper is the result of research conducted under

the framework of ESA funded Dragon 3 Project ID: 10606

‘Landslide identification, movement monitoring and risk

assessment over rugged mountain area using advanced

earth observation techniques’ that aims to carry out an

extensive exploitation of available remote sensing data

(mostly Synthetic Aperture Radar—SAR imagery) to evalu-

ate their importance for hazard and risk management. This

work includes the detailed documentation of landslides

occurrences for the past decades and the analysis of current

movement trends which are required to predict future

conditions (Fig. 1).

Motivation

China and Poland are countries with serious landslide

disasters and experiences high economic damage almost

every year. According to the information provided by the

Chinese Geological Survey Bureau approximately 2/3 areas

of China are the mountainous areas with 56 % of population.

In Poland however 95 % of the landslides are located on 6 %
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of territory with approximate density of 1–2 landslides per

square kilometer.

The traditional techniques like levelling and GPS network

are commonly applied to the monitoring of landslides move-

ment but it is labour, financial consuming and not always

efficient inmountain area. InSAR has been already recognized

as a very effective and relatively low-cost technique for land-

slide deformation detection and monitoring (Colesanti and

Wasowski 2006). However, due to a number of technical

and environmental obstacles application of InSAR on rugged

terrain is not an easy task (Perski et al. 2011).

Research Areas and SAR Data Exploration

As the test sites for Dragon 3 project purposes three landslide

areas: the Three Gorges area, South-East of Gansu Province

in Northwest China, and Carpathian mountains in Poland

were selected. However, in this paper the results from only

two specific areas are presented: Three Gorges area in Hubei

province (China) and Rożnów area in Małopolska province

(Poland). In both cases the landslides toes are affecting

coastal zones of important water reservoirs causing damages

to infrastructure and reservoir safety problems.

Three Gorges Area

The Three Gorges area span from the western—upriver

cities of Fengjie and Yichang in Chongqing Municipality

eastward—downstream to Hubei province. The Three

Gorges region has a total length of approximately 200 km.

Although it is primarily famous for its scenery, the Three

Gorges region is also a historically and culturally important

location in China.

The Three Gorges Dam was constructed at a place in

the middle of the Xiling Gorge. The reservoir dam was

completed in the summer of 2006, and the water level

quickly reached the maximum level of 110 m above the

downstream river. The dam and Three Gorges Reservoir

have a substantial impact upon the region’s environment

and settlement. The higher water level has changed the

hydrogeological condition of surrounding slopes and large

number of landslides were reactivated.

The study area in the Three Gorges area is Shuping

landslide, which lies in the area of Zigui county, and about

50 km to the dam. The landslide belongs to debris landslides,

and it is combined by two blocks (Fig. 2). The landslide

material is stone and gravel soil with sediments from river

terrace. The stones are composed mainly of sandy mudstone,

muddy siltstone and brownish gray marl, the size of the

stones is generally 0.2 ~ 0.5 m, ratio of soil and gravel

debris is from 5:5 to 7:3, gravel particle size is generally

2 to 8 cm; sliding belt is formed under accumulation layer

upon the rock bed, mainly with gravelly soil, in the yellow

sand road and along the east-west highway across the border

the sliding belt is visible; sliding bed material is mainly from

Triassic Badong T2b2 ~ T2b4, composed by a set of reddish

brown sandy mudstone and muddy siltstone, and brownish

gray marl (Wang et al. 2006). The two blocks (Fig. 2) shows

different deformation states. According to the in-situ survey,

to upper part of block-1 has more serious deformation than

that in block-2, and this trend remains active and endanger

the inhabitants living there.

For Three Gorges area a set of 20 C-band, archival,

Envisat ASAR scenes from descending track have been

acquired. These data are currently under processing and the

results are not available yet. Additionally for the area of

Shuping landslide 10 high resolution X-band TerraSAR-X

spotlight mode, descending scenes (Fig. 3.) were used.

Rożnów Area

The study area is located along the eastern bank of Rożnów

Lake established on Dunajec river, in the central part of the

Outer West Carpathians within the Ciezkowice Foothills

Fig. 1 Typical workflow for landslide investigation and the role of

Dragon 3 project (courtesy of M.-H. Derron)

Fig. 2 Shuping landslide overlaid on DEM
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(Starkel 1972) (Fig. 2). This area is characterized by variable

land cover of mixture of meadows, arable lands, forests and

sparse urbanization represented mainly by separate houses

and individual farms. The relative height differences of the

area are up to 315 m and due to the complex geology (Burtan

et al. 1992) of the flysh-type rocks (sandstone, sandstone-

shale and shale from the Upper Cretaceous to Oligocene),

the region is characterized by high landslide susceptibility.

Very high activity of the landslides is noted along the banks

of Rożnów lake and is related to the variability of the

fluctuation of water level in the Rożnów Lake. Flysh-type

rock series of the Silesian Nappe, and overthrusted Dukla

Nappe andMagura Nappe are strongly tectonically disturbed

by many local overthrusts and transverse faults, that strongly

influencing the location of landslide prone areas. More than

70 landslides are known, in the study area according to PGI’s
achievements. Most of these landslides are active and caus-

ing damages to part of roads and buildings periodically for

decades, especially during the seasons of snowmelt and

intense rainfall. The particular increase of activity was

observed in late spring and early summer of 2010 after

heavy rains occurred in April and June. Residents together

with local authorities reported damages caused on over 30

landslides. Most of these landslides are very active and

causing damages and visible deformations, cracks etc.

There are both small, translational landslides and large,

complex, rock and shallow landslides covering the entire

slopes.

For Rożnów area one Envisat descending dataset and a

stack of 20 TerraSAR-X ascending StripMap images have

been processed (Perski et al. 2011). The extents of men-

tioned data are presented on Fig. 4.

Number of landslides remain active within this area. For

the purpose of this study we focus on Just landslide located

on western bank of Rożnów reservoir. The landslide remains

active since many years causing damages to the houses and

the stare road number 75. For the Just landslide, PGI-NRI is

carrying out the inclinometer measurements every 6 months.

Methods of Study

SAR Interferometry and Multi Temporal InSAR
Methods Description

SAR Interferometry (InSAR) is a method for extracting

information related to the topography of the Earth’s surface

(Goldstein et al. 1988). Differential InSAR (D-InSAR)

represents different approach of InSAR that exploits the tem-

poral baseline between subsequent SAR acquisitions to derive

phase differences corresponding to displacements of terrain. A

good overview of D-InSAR technique and its applications was

given by (Bamler and Hartl 1998; Massonnet and Feigl 1998).

The main problem associated with D-InSAR is the so-called

temporal decorrelation, due to changes in the electromagnetic

properties and/or relative positions of scatterers within a

resolution cell. Moreover, D-InSAR is very sensitive to

atmospheric signal delay. For individual interferograms, this

atmospheric phase screen (APS) is impossible to remove and

therefore the accuracy of measuring small deformations is

significantly reduced. Due to these properties the operational

use of D-InSAR is limited to (a) short temporal baselines

(b) phenomena with strong deformation gradient in respect

to radar wavelength, (c) areas with limited vegetation. Despite

these limitations, many successful studies focused on

landslides have been performed (Fruneau et al. 1996;

Colesanti et al. 2003; Hilley et al. 2004).

To bypass the limitations mentioned different InSAR

techniques have been developed. These methods are focus-

ing on stable phase and slowly decorrelating pixels allow to

Fig. 3 Location of study area Three Gorges and coverage of available

SAR datasets presented on top of MODIS VCF Tree Cover 2005

Fig. 4 Location of Rożnów study area and coverage of the datasets

used for this study presented on top of MODIS VCF Tree Cover 2005
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operate on data stacks (typically more than 20 acquisitions)

instead of individual interferograms. The initial method

developed by POLIMI (Ferretti et al. 2001) used radar

point targets as ‘natural’ corner reflectors that remain coher-

ent phase over time. Other techniques, such as the Small

Baseline Subset technique (SBAS) (Berardino et al. 2002)

utilize several master images to construct an optimal set of

interferograms with the smallest temporal and perpendicular

baselines. The crucial element in the point wise analysis is

the identification of potentially coherent points. The first

selection might be based on amplitude dispersion as in the

original PSI algorithm (Ferretti et al. 2001) or coherence as

in case of SBAS or spatial correlation of the phase in case of

StaMPS (Hooper et al. 2004).

Application of Multitemporal InSAR
for Landslide Research

For Carpathian landslides (Perski et al. 2010) and problems

related to Three Gorges landslides InSAR applications are

limited due to mostly environmental factors like:

• very rough topography (steep slopes causing geometry

distortion, and resulting bad coregistration),

• lack of rock outcrops and very sparse urbanization

concentrated in the valleys and along the roads (low

number of stable phase PS),

• dense vegetation cover (forests in the higher parts of the

slopes and meadows and fields in the lower parts), bad

weather conditions with high precipitation, long season

with thick snow cover (resulting overall coherence

reduction).

In our study, the conventional differential SAR Interfer-

ometry (DInSAR) technique will be used first to obtain some

preliminary results of the research areas, and X-band,

TerraSAR-X data are preferred for its short revisit time

between subsequent SAR acquisitions. In the next step the

DInSAR results of X-band and archival C band SAR data

will be compared. After that, the PSI method will be used to

estimate the velocity of the landslides. Here we use the

software SSDS (SAR Subsidence Demonstration System)

developed under the support of the project of International

Cooperation Department of the Ministry of Science and

Technology of China (Fig. 5).

Results of SAR Data Processing

Three Gorges Area: Shuping Landslide

The SAR data used for Shuping landslide monitoring were

obtained from TerraSAR-X satellite, TerraSAR-X SAR is an

X band SAR sensor, the satellite is flying at a height of

514 km, the revisit time is 11 days. There are three acquisi-

tion modes, StripMap, ScanSAR and SpotLight. In this study

the SAR data in SpotLight mode of about 1.1 m, and the

coverage of about 5 � 7 km were used (Fig. 2).

The obtained TSX data covering the period between

2012-01-02 and 2012-04-21. The data were acquired in 4

months, and most of perpendicular baselines are small. The

maximum baseline is 130 m, that means that the DInSAR

data quality is quite good. The Doppler frequency of the

TerraSAR-X is controlled very well, so we selected the date

2012-02-15 as the master image.

At the first stage of processing, we computed the differ-

ential interferograms. From the interferogram formed with

the images acquired in 2012-02-04 and 2012-02-15 (Fig. 6),

we can see clearly that the landslide is composed by two

parts. Using the color bar, we can estimate roughly the

deformation rates for two parts of the landslide. The

Fig. 5 SAR subsidence demonstration system (SSDS)

Fig. 6 DInSAR TerraSAR-X interferogram of 2012-02-04 and 2012-

02-15 scenes of Shuping landslide
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deformation of the left part is larger by a half of the color

circle, whereas for the right part, the deformation is close to

the half of the color circle. The color circle represents half of

the wavelength, that means that the maximum deformation

of Shuping landslide is close to 250 mm per year.

After obtain the small baseline DInSAR interferograms,

all the images were put together and using SSDS processing

software, the velocity on the stable points were obtained

(Fig. 7).

Since the Shuping landslide is close to the Yangtze river

reservoir, lot of points were selected by the use of the

dispersion of amplitude criteria in point selection procedure.

To avoid false point selections we combined the dispersion

of amplitude method with threshold of coherence method for

this situation. During the DInSAR processing we obtained

the coherence maps for every interferogram. Using that data

we can check for every candidate selected with amplitude

dispersion, whether the minimum coherence of the candidate

point is larger than certain value. Of course in real situation,

the combined method could not detect all the stable points

due to the complexity of real environment, but it could help a

lot to decrease the detection of false points in the river.

We found that the result on the stable points is

corresponding with the conventional DInSAR processing.

The results shows that the deformation velocity measured

with the 4-months data series is larger than 260 mm/year.

This founding was somehow amazing since it was estimated

in a range of about few centimeters per year by earlier study

(Liao et al. 2011).

Rożnów Area: Just Landslide

For the purpose of Just landslide study 25 ASAR C-band

images acquired by Envisat have been processed. The data

series cover the period between 2002-12-03 to 2010-04-20.

The TerraSAR-X, X-band data series consist of 21 scenes

covering 20-months period between 2010-10-06 and 2012-

07-13. It should be noted that the highest recent activity of

Just landslide occurred in June 2010 after long and heavy

rains. The two analysed dataset are not overlapping in time

with the gap including main landslide event and therefore

should be threated as independent observations of different

stages of the same event. Moreover, theSAR datasets repre-

sent different geometry: descending in acase of ASAR data

and ascending in a case of TSX data. Both SAR datasets

were processed with StaMPS method but only PSI points

were considered.

According to inclinometer data recorded in upper part of

the landslide the displacement reached 120 mm from March

2010 to August 2010 at the depth of 12 m. For TSX data it

has been detected number of PS points close to inclinometer

location that shows 16 mm/year of average surface displace-

ment. The lower part of the landslide appears to be stable in

the period of TS acquisitions, however the points located at

the coast, outside of landslide show significant subsidence

(20 mm/year). It is not clear whether this phenomena has any

relation to landslide movement (Fig. 8).

Results obtained for ASAR dataset are complementary but

since the dataset represent period prior to landslide event in

2010 the detected movement is much smaller rate. PS points

were detected only in the lower part of the landslide (Fig. 8)

where the displacement of 1.8 mm/year was detected. It

should be noted that the direction of the movement (‘uplift’
or ‘subsidence’ depend on direction of SAR observation—

LoS) Time series analysis of individual PS points show

significant increment of LoS velocity close to the landslide

event. For Envisat data, prior to the main event in 2010 we can

see the acceleration caused by spring snowmelt. For

TerraSAR-X data we observe LoS deformation decrease

during the dry period after the main event.

Fig. 7 Time series result of TerraSAR-X of Shuping landslide
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Conclusions

The results of this works show potential of time series

InSAR for landslide deformation monitoring, and the tech-

nique has the ability not only for slowly moved landslide,

but also quickly moved landslide. During the study the

high resolution SAR images show better performance than

middle resolution image, especially in detailed deforma-

tion pattern required by landslide monitoring.

However, the results show also that the landslide move-

ment measurements with InSAR technique are not easy

and requires very careful processing. Further work includ-

ing algorithmic development, exploration of other datasets

is planned. Moreover the interpretation of the results with

careful analysis of in-situ data will be performed.
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Górskich 10:15–150

Wang F, Peng X, Zhang Y, Huo Z, Takeuchi A, Araiba K, Wang G

(2006) Landslides and slope deformation caused by water impound-

ment in the Three Gorges Reservoir, China. Proc. IAEG2006

Nottm. United Kingd. 6-10 Sept. 2006 Paper number 137, 1–13
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Relative Age Estimation at Landslide Mapping
on LiDAR Derivatives: Revealing the Applicability
of Land Cover Data in Statistical Susceptibility
Modelling

Helene Petschko, Rainer Bell, and Thomas Glade

Abstract

In statistical landslide susceptibility modelling the identification of appropriate explanatory

variables describing the predisposing and preparatory factors for the landslides of a given

inventory is important. In this context information on the age and the respective land cover

at the time of occurrence is beneficiary. The potential of mapping very old (or prehistoric)

landslides using LiDAR derivatives has not been analysed yet. Additionally, performing a

visual interpretation of derivatives of a single LiDAR DTM it is not possible to assign the

accurate age or date of the occurrence of the event to each mapped landslide. Therefore,

commonly no information on the land cover at the time of landslide occurrence for these

very old landslides (but also for younger ones) is available. The objective of this study is, to

estimate the relative age of landslides during the mapping and to explore differences of the

recent land cover distribution in the relative ages of the landslides. This is performed to

evaluate the sustainability of including recent land cover data into susceptibility modelling.

The relative age of the landslides is estimated for each landslide according to its morpho-

logical footprint on the LiDAR DTM derivatives and to its appearance on the orthophoto.

The different relative ages assigned are “very old”, “old”, “young” and “very young”. The
study area is located in three districts of Lower Austria, namely Amstetten, Baden and

Waidhofen/Ybbs. The resulting inventory includes 1834 landslides and shows that the

“very old” and “old” landslides (60 % of all mapped landslides) are mainly covered by

forest (~60 % of all land cover types). We conclude that using this inventory including

recent land cover data in the susceptibility model is not appropriate for Lower Austria.

There is a potential of mapping “old” or “very old” landslides on the LiDAR derivatives.

The absolute age remains unknown.

Keywords

Landslide inventory mapping � LiDAR derivatives � Relative landslide age � Recent land
cover map

Introduction

As no detailed information on the date of occurrence of the

landslides can be determined from the LiDAR derivatives (or

other remote sensing techniques, VanWesten et al. 2005) the

age of the landslides can only be estimated relatively in the

study area. Whereas the determination of relative landslide

age is very common in studies mapping landslides on aerial

photographs or orthophotos (e.g. Ardizzone et al. 2002;
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Cardinali et al. 2002; Guzzetti et al. 2003; Guzzetti 2005;

Zanutta et al. 2006), in studies using LiDAR derivatives as

mapping basis only few attention is dedicated to this topic so

far (e.g. Bell et al. 2012). Therein the potential mapping of

“very old” (prehistoric (Schulz 2004)) landslides and its

effects on the subsequent application of the inventory are

not considered or analysed yet. The quality of the inventory

and the information on the landslides stored in it are of

importance for any application of the inventory (Ardizzone

et al. 2002; Guzzetti et al. 2012; Petschko et al. 2014; Van

Westen et al. 2005). Precisely in the context of this study the

inventory is a basis for statistical susceptibility modelling in

Lower Austria (Petschko et al. 2014) where the resulting

susceptibility map is dependent on the model input data and

their geomorphological relevance. In this context the land-

slide age or event date is of importance, as trigger factors or

also the land cover is considered as an explanatory variable

for landslide susceptibility modelling. However, if the inven-

tory contains “very old” (or prehistoric) landslides, they

cannot be related to a trigger event (Van Westen et al.

2005) and the recent land cover information might not

match the land cover at the time of the occurrence of the

mapped landslides.

This study is aimed to analyse the potential of LiDAR

derivatives to map landslides of different age and to assess

the landslide age in a relative manner within the study area.

Furthermore, the objective is to compare the relative landslide

age with the recent land cover map. This is done to evalu-

ate the sustainability of including recent land cover data

into susceptibility modelling using a landslide inventory

originating from visual analysis of LiDAR derivatives.

Study Area

The study area is located in the three districts Amstetten

(1,187 km2), Baden (754 km2) and Waidhofen/Ybbs

(131 km2) in the province of Lower Austria. These districts

show a high heterogeneity regarding their land cover, topo-

graphy and susceptibility to landslides (Petschko et al.

2012). Whereas 40 % of the study area is covered by forest

(coniferous, mixed and deciduous forest) 48 % of the area is

covered by farmland (arable land, (rough) pasture and fallow

land, Table 1). However, the predominant land cover type

changes distinctly, as for example in the districts Amstetten

and Waidhofen/Ybbs the North is mainly covered by farm-

land but the South is dominated by forest (Fig. 1).

The main lithological units in the study area are (from

North to south) the Bohemian Massif, the Molasse Zone

(including the “Schlier”), the Loess and Loam, the Flysch

and Klippen Zone and the Austroalpine Unit with dolostone

or with limestone and marls.

Landslides are abundant especially in the Flysch and

Klippen Zone, as an existing landslide inventory resulting

Table 1 Land cover evaluated for landslide polygons according their landslide type and relative landslide age

Land cover

unit

Study

area (%)

All

landslides

(%)

Slide

(%)

Area with

slides (%)

Flow

(%)

Complex

(%)

Young

(%)

Very

young (%)

Old

(%)

Very old

(%)

Coniferous

forest

12.77 19.97 25.72 16.60 11.80 16.60 5.80 0.92 16.89 23.65

Mixed forest 13.89 20.04 20.05 19.52 24.96 10.14 13.27 7.18 26.04 17.65

Deciduous

forest

13.65 20.19 18.08 21.86 21.74 24.46 11.91 5.19 17.90 22.91

Arable land 17.70 15.93 10.66 19.08 19.89 19.01 29.81 20.89 18.01 13.14

Grassland,

pasture

10.14 11.25 10.21 11.85 12.10 20.66 22.03 38.08 10.05 10.10

Rough

pasture

10.48 8.21 9.96 7.09 8.85 8.37 13.58 23.45 8.47 7.16

Snow, Ice 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01

Debris 9.38 1.54 3.73 0.15 0.01 0.00 0.09 3.63 0.08 2.39

Fallow land 9.76 2.49 1.41 3.36 0.54 0.63 3.35 0.53 2.25 2.58

Housing

settlement

1.66 0.31 0.20 0.39 0.10 0.13 0.15 0.11 0.32 0.32

Water 0.41 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01

NA 0.14 0.06 0.00 0.09 0.00 0.00 0.01 0.00 0.00 0.09
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from an archive of theGeological Survey of Austria (building

ground register (BGR)) shows (Petschko et al. 2013;

Schwenk 1992). The landslides mainly occurred under very

wet conditions either due to heavy rainfall, rapid snow melt

events or a combination of both (Schweigl and Hervás 2009).

Data

Data available in this study include a high resolution LiDAR

DTM (1 � 1 m, acquired in 2006–2009, multiple acqui-

sition years were necessary to cover the entire area), an

orthophoto from 2002 (25 � 25 cm) and a land cover map

derived from ASTER data (resampled to 10 � 10 m; 2007).

Methods

Landslide Inventory Mapping

During the landslide mapping the specific morphological

features, which are left after a landslide event occurred,

are visually analysed and used to identify landslides, also in

forested areas. The landslide inventory mapping was

performed in a previous study (Petschko et al. 2013) by

visually interpreting hillshade maps of different azimuth

angle (315�, 135�, 45�, (as used by Schulz 2004)), a slope

map, contour lines with 4 m elevation difference and an

orthophoto to delineate landslide polygons (Petschko et al.

2013). The mapping scale for identifying landslides was

1:2,000, however the polygons have been digitized at a

scale of 1:200–1:1,000. During the mapping of the landslides

different types were distinguished: “slide” (earth and debris

slide), “flow” and “complex” following Cruden and Varnes

(1996) (Petschko et al. 2013; Petschko et al. 2010). Areas

with many landslides of different generations and where the

delineation of single landslides was hardly possible were

mapped as an “area of slides” (Petschko et al. 2010). Further-
more, the certainty of the delineation of the polygon was

assigned as certain or uncertain for each polygon.

Relative Age Estimation

The relative age estimation is based on an approach pro-

posed by McCalpin (1984) interpreting the morphology and

the “freshness” of the morphological features that remain

visible after the occurrence of a landslide on LiDAR DTM

derivatives and orthophotos.

According to this concept the landslide morphology

experiences a transformation starting from a feature showing

every landslide detail (e.g. main and minor scarps, landslide
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toe and fissures) very clear. The older the landslide gets and

the longer it is exposed to erosion the more features of

erosion will be visible. First the landslide forms will get

smoother, later erosion and incision of streams will occur

and reshape the morphology (Bell et al. 2012; McCalpin

1984). Furthermore, the vegetation cover is of importance

to assess the relative age of the landslides (McCalpin 1984).

We assume that in our study area the first occurrence of

landslides is mainly on open land (not forested land). In

literature this assumption is often related to the reinforcing

effect of tree roots on the slope stability (Rickli and Graf

2009). In the field we learned that often after the landslide

occurred farming of the land became more difficult and it

was abandoned to forest growth.

Adapted after McCalpin (1984) we assign (1) “very
young” to landslides which are not vegetated at least at the

main scarp and which show a very fresh, rugged morphology

(Fig. 2); (2) “young” to landslides which are fully vegetated

(grass) and have a smoother morphology, which shows first

modifications of the original topography due to erosion and

deposition; (3) “old” to landslides which still show a distinct

main scarp but a smooth morphology with dense vegetation

cover (partly brushes or forest); (4) “very old” to landslides

which are characterized by a very smooth morphology, by

the re-establishing of the valley drainage pre-slide profile

and by a dense vegetation cover. This vegetation cover is of

the same age or density as the surrounding vegetation. This

relative age estimation was performed for each landslide and

landslide type during the mapping process.

Comparison of Land Cover
and Relative Landslide Age

The land cover of the mapped landslides was derived from

the available land cover map on a grid cell base. Therefore,

only the landslides classified as certain in their delineation

and type were analysed further. This landslide inventory was

split according to the assigned landslide age in four data sets.

Each of this data set was used to mask the land cover map in

ArcGIS (Version 9.3). Therewith the amount of pixel in each

land cover class per landslide age was determined.

Results and Discussion

Landslide Inventory Mapping

The resulting landslide inventory contains 2,014 landslides

of which 1,834 are considered to be of high certainty regard-

ing the delineation and type of process (Petschko et al.

2013). The main mapped landslide type was “slide”
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(75 %). 20.5 % of the polygons of the landslide inventory

were classified as “area with slides”.
Analysing all landslide types we found that these land-

slides are mainly located in forested areas (20.2 % in deci-

duous forest, 20 % in mixed forest and 19.9 % in coniferous

forest, Table 1). Around 16 % of all landslides are located in

arable land and 11 % are covered by grassland or pasture.

Within the different landslide types the variation of land

cover (forest (coniferous, mixed and deciduous)/no forest

(arable land, grassland, pasture, fallow land and rough pas-

ture)) is minor (Table 1). “Slides” (earth and debris slides)

show the largest proportion of forested cells (64 %) whereas

“complex landslides” only show a forest cover for 51 % of

the cells. However, these results show, that more than half of

the landslide cells are covered by forest.

Relative Age Estimation

With the relative age estimation we found that 8 % of the

landslides were classified as “very young”, 10 % as “very
old”, 34 % as “young” and nearly half of the landslides

(48 %) were assigned as “old” (Fig. 3). During the mapping

of “young” or “very young” landslides the combined inter-

pretation of orthophoto and LiDAR derivatives was found to

be effective. In this way, also landslides with a very short

travel distance and a clear but small main scarp could be

easily identified. However, for “old” and “very old” land-

slides the availability of LiDAR derivatives is important. On

orthophotos (or aerial photographs) the vegetation cover

(mainly forest) does not allow the interpretation of the

morphology and therefore the identification of a landslide,

as shown in Fig. 2 with the “very old” landslide, is not

possible (Brardinoni et al. 2003). Nevertheless, the inter-

pretation of the LiDAR derivatives only might be misleading

due to effects of morphological convergence (Antonini et al.

2002) or the conservation effect of forest cover on the

landslide morphology. Examples for morphological conver-

gence found in the study area are quarries or artefacts in the

DTM due to the removal of single trees, houses and infra-

structure. The conservation effect describes morphology that

appeared to be fresh and “young” but the type of vegetation
(forest), field checks and the starting re-establishing of the

valley drainage in the lower part of the landslide revealed the

landslide to be “very old” (Fig. 2). Therefore, the compari-

son with the vegetation cover (grass or forest) during the

mapping is of high importance.

Furthermore, regarding the completeness of the inventory

it has to be taken into account, that in agriculturally used areas

the persistence of the landslide morphology is restricted.
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Among the landslides with low persistence mainly “young”
or “very young” landslides are not visible on the orthophoto

or the LiDAR derivatives anymore (Bell et al. 2012). In these

areas, the visibility of landslides is influenced by the activity

of local farmers. Immediately after a landslide event smaller

landslides are levelled to ensure the harvest or the usability of

the area as pasture (Bell et al. 2012; Fiorucci et al. 2011).

However, the number of landslides with low persistence and

therefore landslides that are potentially missing from the

inventory is unknown (Petschko et al. 2014).

In general it has to be pointed out that the relative landslide

age estimated in this study is only applicable to the study area

and its specific setting (e.g. topography, geology, vegetation,

climate (Antonini et al. 2002)). Therefore, comparisons to the

relative age of other areas are not possible.

Comparison of Land Cover and Relative
Landslide Age

In contrast to the results of the land cover of all mapped

landslides the splitting of the data into the different classes of

relative age reveals large differences between the classes

“very young” to “very old”. In more detail we found that

the percentage of the grid cells covered with forest (coni-

ferous, deciduous or mixed) increases the older the land-

slides were estimated. An exception to this general trend is

the mixed forest. Here the “old” landslides show the highest

proportion of forested grid cells (26 %, Table 1). All forest

types summed up, 13 % of the “very young” landslides, 31 %
of the “young” landslides, 61 % of the “old” and 64 % of the

“very old” landslides are covered by forest.

With 38 % the land cover class grassland and pasture

covers a large area of the “very young” landslides. This land
cover class was found for only 10 % of the “very old”
landslides. Combining all not forested land cover classes

(open land) we found that these cover 83 % of the “very
young”, 69 % of the “young”, 39 % of the “old” and 33 % of

the “very old” landslides.
These findings match the assumption that landslides

mainly occur on open land and the forest grows after

abandonment of the land. However, a Swiss study on six

event landslide inventories in a lithological similar region

showed, that directly after a rainstorm event nearly 50 % of

the landslides occurred in forested terrain (Rickli and Graf

2009). Furthermore, a dendrogeomorphology study showed

that landslides can reactivate under forest (Van Den

Eeckhaut et al. 2009).

Besides, this results show, that also “very young” and

“young” landslides are covered by forest (according to the

ASTER land cover map). This is clearly contradictory to the

age estimation criteria. However, the possible reasons for

this misclassified grid cells can be (1) the difference in the

resolution of the land cover data and the mapping scale of

the landslides, (2) the algorithm used in the masking of the

land cover by the landslides or (3) general problems in the

supervised classification of the ASTER data.

Conclusions

The results of this study show that landslides of different

relative age can be and are mapped when mapping

landslides on the basis of LiDAR derivatives of one

acquisition time only. Furthermore it was shown, that

the interpretation of the morphology only can be

misleading. Therefore, the combined usage of LiDAR

and orthophotos is necessary. This potential mapping of

very old landslides has to be considered before starting

the mapping and might be overcome by restricting the

mapping criteria on mapping young landslides only.

However, the limited persistence of the landslide

morphology of “young” and “very young” landslides in

agricultural areas has additional influence on the

completeness of the inventory.

At modelling with data on recent land cover the rela-

tive landslide age has to be accounted for, as no infor-

mation on past land cover (at the time of the landslide

occurrence) is available. Otherwise, there is a chance of

introducing an unwanted bias into the susceptibility

modelling. One solution can be the exclusion of “old”
and “very old” landslides from the modelling sample. The

alternative we propose is to use all landslides but to leave

the land cover data out of the modelling. This might be

considered, as the range of information on the topograph-

ical conditions (which are available in a much better

spatial resolution as the land cover data) of the landslides

might be better represented including the “old” and

“very old” landslides in the analysis as well. Furthermore,

leaving out the land cover but having better information

on the topography can be of interest in case the land cover

changes fast, e.g. by logging, and therefore the suscepti-

bility map is soon not up-to-date anymore.

The absolute age of the landslides remains unknown.

With the availability of multi-temporal LiDAR imagery

the information on landslide age can be improved. How-

ever, this was not analysed in this study.
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Automated Remote Sensing Based Landslide
Detection for Dynamic Landslide Inventories

Sigrid Roessner, Robert Behling, Karl Segl, Darya Golovko,
Hans-Ulrich Wetzel, and Hermann Kaufmann

Abstract

Dynamic landslide inventories are important for objective landslide hazard and risk assess-

ment. Multi-temporal satellite remote sensing has the potential for automated landslide

detection at a regional scale. For this purpose a new automated approach has been developed

based on analysing temporal trajectories of NDVI values derived from a co-registered multi-

temporal RapidEye data stack. Specific temporal footprints of vegetation changes enable

identification of landslide events. Applying this approach to a 12,000 sqkm study area in

Southern Kyrgyzstan, about 250 landslide events could be automatically detected between

2009 and 2012. Subsequent field checks have revealed that the vast majority of these events

have been correctly identified. Thus, the developed approach is capable of automatically

detecting different kinds of mass movements under diverse natural conditions.

Keywords

Landslide inventory � Multi-temporal � Remote sensing � Change

detection � Kyrgyzstan � Central Asia

Introduction

Kyrgyzstan is a mountainous Central Asian country, where

90 % of the country is higher than 1,000 m a.s.l. It is almost

completely covered by the W-E trending Tienshan Mountain

ranges with peak elevations above 7,000 m a.s.l. Besides

earthquakes, floods, and avalanches, gravitational mass

movements (landslides) represent one of the major natural

hazards to the local population. They are especially

concentrated along the Eastern rim of the Fergana Basin

(Fig. 1). In this densely populated mountainous region almost

every year large landslides endanger human lives and infra-

structure. Therefore local authorities responsible for disaster

management and risk reduction have a big need for objective

hazard and risk assessment covering large areas in a spatially

differentiated way.

Enabling objective hazard assessment requires profound

knowledge about spatiotemporal distribution and evolution

of landslides in order to improve understanding of regional

processes activity in its links to predisposing and triggering

factors. In this context, multi-temporal landslide inventories

are of special importance (Fell et al. 2008; van Westen et al.

2008). However, their initial generation and subsequent

updates represent big challenges especially in case of large

areas where they require the combination of different

approaches and data sources as well as incorporation of

results into common spatial databases within a GIS environ-

ment (Guzzetti et al. 2012).

In Kyrgyzstan, landslide inventories have been carried out

since the 1950s, whereas approximately 5,000 landslides have

been recorded by the local authorities. However, regular
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inventories have been limited to the time period between 1968

and 1992 and focused on areas in the vicinity of settlements.

Most of the still available documentations comprise verbal

descriptions of main events (e.g., Ibatulin 2011) whereas in

most of the cases precise geographic locations are missing.

Thus, the existing knowledge on landslide events is incomplete

in space and time and leaves the need for establishing a

systematic multi-temporal landslide inventory.

Because of the limited information base and the large

areas which are affected, satellite remote sensing data repre-

sent the only consistent, reliable and up-to-date source of

spatial information in Kyrgyzstan. Since landslides are a

phenomenon which often significantly changes earth surface

characteristics, usually they are well detectable in optical

imagery which has already been archived for several decades

and thus enables longer term analysis required for reliable

investigation of landslide occurrence. This situation got fur-

ther improved by opening the Landsat archive in early 2009

providing free access to a profound data pool of widely

available optical multi-temporal data (Wulder et al. 2012)

for large parts of the world including Central Asia.

So far, there have been only very few attempts to perform

such multi-temporal analysis with the goal of automated

landslide detection over longer periods of time (e.g., Martha

et al. 2013), whereas most of the landslide related change

detection studies have been focused on bi-temporal or mono-

temporal analysis of landslide occurrence after well-defined

major triggering events, such as earthquakes or intense

rainstorms (e.g., Lacroix et al. 2013).

In this paper a new approach for automated landslide

detection is presented which has the potential for operational

analysis of a multi-sensor multi-temporal satellite remote

sensing database at a regional scale. The paper describes the

established multi-temporal satellite remote sensing database,

the developed approach and its application to the approx.

12,000 sqkm study area in Southern Kyrgyzstan (Fig. 1)

based on RapidEye satellite remote sensing data which have

been acquired with high temporal resolution between the

years 2009 and 2012.

Landslide Situation in Kyrgyzstan

In Kyrgyzstan large deep-seated landslides (up to more than

one million cubic meters) represent one of the major natural

hazards due to their frequent occurrence within large areas.

They are mainly related to active mountain building affect-

ing the Pamir-Tienshan orogenic system in the result of the

ongoing collision of the Indian and Eurasian plates (Strecker

et al. 2003). These landslides are mostly concentrated along

the topographically rising Eastern rim of the Fergana Basin

below its transition into the high mountainous terrain.

Landslides mostly occur in form of rotational and transla-

tional slides within an elevation range between 700 and

2,000 m in weakly consolidated Quaternary and Tertiary

sediments consisting of loess, sand- and siltstones, clays,

loams and carbonates.

The lithology of the landslides represents the main factor

in determining their style of movement. Landslides occuring

in massive Quaternary loess units of up to 50 m thickness are

characterised by very rapid avalanche-like mass movements

which can reach several meters per second (Fig. 2). These

landslides are especially dangerous because of their great

destructive power and their sudden occurrence after longer

periods of sneaky destabilisation which is indicated by cracks

developing sub-parallel to hillslope crests. Another form of

rotational landslides occurs in Meso- and Cenozoic sediments

(Jura up to Paleogene) with intercalated clays (Fig. 2). These

environments lead to complex mass movements with long

periods of activization and maximum movement rates of

several meters per day. Both types of landslides result in

devastation of large areas in a region which represents an

important human living space in Kyrgyzstan (Roessner et al.

2005).

Multi-temporal Satellite Remote
Sensing Database

A multi-temporal database of optical remote sensing data has

been established for the study area in Southern Kyrgyzstan.

This database consists of 592 multispectral mid- and high-

resolution satellite remote sensing images acquired by the

Landsat-TM and ETM+, SPOT-1 and 5, ASTER, and

RapidEye sensors during the last 25 years. The first image

was acquired on the 12th of July 1986 by SPOT-1 followed by

a Landsat TM image of 3rd of September 1989, whereas

complete annual coverage of the region of interest has been

Fig. 1 Study area in Southern Kyrgyzstan. Areas marked in yellow are

characterized by high landslide activity
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achieved since 1996. The contributing sensors differ widely in

their spatial resolution ranging between 30 m for Landsat and

6.5 m for RapidEye data. They also cover different spectral

ranges by varying spectral bands and resolutions. However,

all of these sensors represent multispectral instruments com-

prising the green, red, and NIR spectral bands as lowest

common denominator forming the basis for comprehensive

multi-sensor analysis of landslide related surface changes.

Remote sensing datasets were mostly acquired in form of

orthorectified standard data products in order to minimize

geometric preprocessing effort and to facilitate operational

suitability of the developed approach independent from local

ground truth information, such as GCPs. RapidEye data have

been acquired in the frame of the RESA (RapidEye Science

Archive) program allowing customized tasking of data acqui-

sition during pre-defined time periods. Due to the five inde-

pendent satellites of the RapidEye system (Chander et al.

2013), a database of high spatial and temporal resolution

could be established containing approx. 20 complete

RapidEye coverages for the 4-year period between 2009 and

2012. In total, it comprises of 503 level 3A standard

orthorectified data products resampled to 5 m pixel size.

Landsat TM and Landsat ETM + data were obtained from

the U.S. Geological Service Global Land Survey (USGS

GLS) in form of orthorectified Level 1 T data products. In

the result the established multi-temporal and multi-sensor

satellite remote sensing database solely contains orthorectified

datasets.

Automated Approach for Landslide
Identification

The established multi-temporal satellite remote sensing data-

base forms the basis for the development of an automated

approach for landslide identification in order to derive a

GIS-based multi-temporal landslide inventory in an object-

based form including the potential for qualitative and quan-

titative characterization of the identified landslide events.

The main part of the approach (Fig. 3) is represented by

multi-temporal change detection allowing separation

between changes caused by landslide activity from other

land cover changes (e.g. agriculture) as well as from artifact

changes caused by geometric mismatches and radiometric

differences between image data of different acquisition

properties. In order to minimize such artifacts, automated

change detection requires adequate pre-processing of the

multi-temporal image database. Taking into account the

high number of more than 500 datasets, pre-processing has

to be carried out in an automated and robust form.

Geometric Correction

Since for this area a continuous and consistent external topo-

graphic reference, such as large-scale topographic maps has

not been available, the free of charge and widely available

terrain corrected Landsat Level 1 T data are used as topo-

graphic reference. The Landsat Level 1 T data are

characterized by sub-pixel image-to-image registration

geolocation accuracy (Kennedy et al. 2010) enabling imple-

mentation of multiple reference scenes into the co-registration

procedure. Using multiple reference scenes of different acqui-

sition dates is advantageous, because it accommodates multi-

temporal effects, such as seasonal and long-term land cover

changes which often reduce the accuracy of co-registration

(Gao et al. 2009). Moreover, the used Landsat Level 1 T

reference enables co-registration independent from the avail-

ability of other topographic reference data. Thus, the approach

can be applied worldwide under the prerequisite that Landsat

Level 1 T data are available.

A special image-to-image co-registration approach has

been developed in order to correct for the remaining geo-

metric shifts occurring between the standard orthorectified

Slope failure in quaternary loess – main displacement at night
during 15 minutes period in March 1994 (50 victims buried) 

Field foto taken by S. Roessner in August 1998

Large complex slope failure in clay-rich tertiary sediments overlaid
by loess during a two weeks period in June 1998 (no victims) 

Field foto taken by S. Roessner in August 1998

Fig. 2 Main landslide types in Southern Kyrgyzstan. Lithological

composition weakly consolidated sediments determines style of

movement
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datasets contained in the multi-temporal and multi-sensor

database. The approach assumes that the orthorectified stan-

dard data products of the various sensors only differ by

global shifts in x and y direction which are constant for the

whole dataset. Checking the fulfillment of this condition for

each dataset is part of the developed approach. The final

result includes two co-registered images—one adapted to the

grid and spatial resolution of the reference data and one

maintaining the spatial resolution of the original data with

improved map coordinates in the header file.

The co-registration approach builds on an area based cross-

correlation algorithm (Dawn et al. 2010) requiring the same

spatial resolution for the reference image and the warp image.

Resampling of the warp image to the spatial resolution of the

reference dataset is a critical step for the performance of the

correlation process because different interpolation approaches

used for resampling lead to different results. The developed

approach simulates realistic Landsat pixels by applying a

Gaussian filter kernel taking into account the spatial resolu-

tion of both sensors following the approach described in

(Mueller and Segl 1999).

The developed co-registration approach has been applied

to all of the 592 image datasets resulting in specific shifts for

all of them. No image had to be rejected because of the affine

criterion in the validation step implying that the previously

orthorectified standard image products are characterized by

high internal geometric stability. The obtained shifts vary

widely between more than 400 m for selected SPOT-1 data

and 5 m for the lastest RapidEye data. Typically, shifts of

several tens of meters had to be applied during co-registration

(Behling et al. 2012). Assessment of the relative image-to-

image accuracy based on time-invariant check points (CPs)

has resulted in an overall accuracy of 17 m (RMSE) and

maximum remaining offsets of 20 m to the Landsat reference.

Taking into account the 30 m resolution of Landsat, these

results show a sub-pixel image-to-image accuracy of the

whole multi-sensor database. For the 503 RapidEye data sets

sensor-internal image-to-image accuracies of less than 5 m

have been achieved. Absolute accuracy of the co-registered

database has been evaluated based at 52 differential GPS

(DGPS) points showed an overall accuracy of 23 m (RMSE)

and a maximum position error (PE) of 29 m with a systematic

shift in western direction. The obtained results have proven

the robustness of the developed co-registration approach

against variabilities in the image data resulting from various

multi-sensor and multi-temporal effects often impeding the

applicability of already existing co-registration approaches.

Multi-temporal Change Detection

The developed multi-temporal change detection approach is

based on the analysis of temporal trajectories of NDVI time

series derived from the pre-processed multi-temporal satellite

remote sensing data stack. These temporal trajectories are

derived for every pixel across the time span of the entire

data archive and thus allow analysis of vegetation cover

changes over longer periods of time rather than solely assess

the absence of vegetation in a single dataset or the loss of

vegetation between two datasets. These specific temporal

footprints of vegetation changes enable identification of land-

slide events due to the temporal characteristics of destruction

and regeneration of the vegetation cover caused by the land-

slide event itself as well as by longer-term processes of (re)

activation of landslide-prone slopes. They need to be distin-

guished from temporal changes of the vegetation cover caused

by other processes, such as agricultural land use.

For this purpose a combined pixel- and object-based

approach has been developed which is divided into three

main steps: (1) bi-temporal change detection, (2) segmenta-

tion based on the bi-temporal change result and (3) object-

based multi-temporal change detection for final delineation of

landslide events (Behling et al. 2013). So far, this approach

has been applied to the entire multi-temporal RapidEye image

Fig. 3 Overview of developed approach for automated remote sensing based derivation of landslide inventory
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database containing 20 complete temporal coverages for the

whole study area between the years 2009 and 2012. For every

analyzed time period a shapefile has been produced containing

the image-intrinsic likelihoods for a landslide occurring

within this time period.

Visual evaluation of the derived objects resulted in the

selection of about 250 objects most likely representing sur-

face changes related to landslides. The size of these objects

is ranging between 500 and 250,000 square meters and the

total area affected by these landslide-related changes

amounts to 5.5 million square meters. About half of these

changes happened between 2009 and 2010. For the analyzed

time period between 2009 and 2012 the Ministry of Emer-

gency Situations of Kyrgyzstan has only reported 40 events.

The obtained results have been verified during a 4-week

field survey which took place in September 2012. During

this survey about 100 of the 250 detected landslides have

been visited and in almost all of these cases the field checks

confirmed recent surface changes related to landslides.

Exceptions were primarily caused by the extraction of con-

struction material (e.g., clay and gravel) at the bottom of

hillslopes representing artificial mass movements. This field

survey has revealed that the developed approach is capable

of automatically detecting different kinds of mass

movements caused by a variety of slope processes, such as

rotational and translational landslides as well as debris flows

under diverse natural conditions. Thus, it could be shown

that the approach can be used for reliable automated land-

slide detection at a regional scale.

Discussion and Outlook

Application of the developed automated approach for land-

slide detection based on a multi-temporal and multi-sensor

satellite remote sensing database has shown that in both

parts—geometric correction and multi-temporal change

detection—meaningful results have been obtained allowing

object-based identification of landslides and determination

of their periods of occurrence and/or reactivation.

In this context robust spatial co-registration of the large

multi-temporal database—comprising almost 600 datasets

acquired by five different sensors—has been an important

prerequisite for subsequent change detection and could be

achieved with sub-pixel accuracy. Due to the high internal

stability of the used standard geo-coded data products, it has

been possible to apply global shifts to each dataset in order

to correct for the spatial image-to-image offsets while

maintaining the high internal geometric stability of the ini-

tial image database. Due to the use of freely and globally

available Landsat Level 1 T data as spatial reference the

approach is independent from the existence of local geomet-

ric reference information and can be applied to any part of

the world covered by suitable Landsat Level 1 T data. In this

context, the Landsat-8 Operational Land Imager (OLI)

launched on 11 February 2013 will ensure future applicabil-

ity of the co-registration approach.

The developed change detection approach has been applied

to the entire multi-temporal RapidEye database enabling sys-

tematic derivation of a multi-temporal landslide inventory for

the 12,000 sqkm study area along the Eastern rim of the

Fergana Basin (Fig. 4) which is required for objective hazard

and risk assessment. Although compared to previous years

process activity had been rather low during the analyzed time

period between 2009 and 2012 and no specific triggering

event has been known, a total of about 250 landslides could

be automatically detected. This shows the constant ongoing

process activity occurring independently from distinct trigger-

ing events in this area. This situation emphasizes the need for

systematic multi-temporal landslide inventories in regions

dominated by complex slope failures, such as the Eastern

rim of the Fergana Basin. In a next step the developed

approach will be applied to a longer-term time series

containing multi-temporal image data acquired by a variety

of optical sensor starting from 1986 whereas annual coverage

for the complete study area has been available since 1996.
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Persistent Scatterer Interferometry (PSI) Technique
for Landslide Characterization and Monitoring

Veronica Tofani, Federico Raspini, Filippo Catani, and Nicola Casagli

Abstract

Dealing with landslide, the availability of long time series of displacement often represents

the most effective method to define its state of activity, to observe relationship with

triggering factors and to assess the effectiveness of the mitigation measures. Moreover,

the presence of a dense grid of measurements is essential to map correctly the boundary of

the mass movements, to reconstruct the actual vector of displacement and to identify the

deformation pattern. Persistent Scatterer Interferometry (PSI) represents an effective tool to

measure landslide displacement, as it offers a synoptic view that can be repeated at different

time intervals and at various scales. In this paper, PSI interferometry and conventional

ground-based monitoring techniques have been integrated to characterize and to monitor

the earth rotational slide threatening the Santo Stefano d’Aveto village in the Northern

Apennines (Italy). On one hand, the in situ information recorded by inclinometers can help

in defining the actual location of the sliding surface and the involved volumes of material.

On the other hand, PSI measurements have allowed better redefining of the boundaries of

the landslide, its state of activity and have allowed a better understanding of landslide

geometry and kinematics. The integration of ground-based monitoring data and PSI data

have provided sound results for landslide characterization.

Keywords

Landslide � PSI � Monitoring and characterization � Santo Stefano d’Aveto

Introduction

Dealing with landslide, monitoring and characterization

means measurement of the superficial displacement induced

by a slope movement to define its typology, areal extent,

state of activity (Mantovani et al. 1996) and effectiveness of

the mitigation measures (Farina et al. 2006).

Retrieval over time of superficial ground displacements

related to landslide occurrence is historically based on tradi-

tional techniques, including wire extensometers (Corominas

et al. 2000), inclinometers (Angeli et al. 2000), GPS (Gili

et al. 2000), levelling (Cotecchia 1996) or, more recently,

photogrammetry (Kaab 2000) and terrestrial laser scanning

(Fanti et al. 2012). These techniques, despite their robustness

and reliability, are time-consuming and resource intensive,

since they require a great deal of time and money for timely

updates.

In parallel, a number of airborne and satellite remote

sensing techniques, became available for the recognition

of landslide features (Metternicht et al. 2005). It became

clear that availability of new remote sensing technologies,

coupling synoptic view that can be repeated at different time

intervals, may support the analysis of landslide behaviour.

In particular, satellite SAR (Synthetic Aperture Radar) inter-

ferometry (Massonnet and Feigl 1998; Tofani et al. 2013)

has been proved a sound tool to assess changes on the
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Earth’s surface. Two different suitable approaches have

been implemented over years to exploit information

contained in the phase values of SAR images: the single

pair Differential SAR Interferometry (DInSAR) and the

Persistent Scatterer approach (PSI). The latter relies on

the use of a long series of co-registered SAR imagery

gathered at different times on the same target area (Zebker

and Goldstein 1986).

This work presents the exploitation of PSI approach

applied to ERS 1/2 and ENVISAT SAR images to monitor

the Santo Stefano d’Aveto landslide (Northern Apennines,

Italy), integrating the information deriving from the

pre-existing geotechnical monitoring system.

Study Area and Landslide Description

The Santo Stefano d’Aveto village (Fig. 1) is located near

the watershed of the Aveto River Basin that sets the limit

between the Liguria and the Emilia Romagna regions. From

a geomorphological point of view, the study area is located

in an ancient glacial valley, ENE-WSW oriented and bor-

dered on the east, north and south by mountain peaks

reaching an elevation up to 1,800 m a.s.l. Geologically, the

main outcropping lithologies are constituted by sandstones

with limestone and marls and ophiolitic rocks, such as

basalts and gabbros.

According to the Regional Geological map 1:25,000

scale, the Santo Stefano d’Aveto village is located on

unsorted glacial deposits constituted of sandstone and

ophiolitic clasts in a sandy-silty matrix. Actually, the village

is built on an ancient complex landslide that can be defined

according to (Cruden and Varnes 1996) as a complex earth

slide-earth flow. The aerial extension of the landslide is

1.3 km2, and the estimated volume is around 10 million

cubic meters. The slope angle of the landslide area ranges

from 0� to 60�, with an average value of 8�. The maximum

values are reached in the upper portion of the landslide,

where the main scarp is located.

The Santo Stefano landslide is a hold and well-known one

and it was already included in the Landslide Inventory Map

developed within the PAI (Hydrogeomorphological Setting

Plan) of the Po River Basin Authority. The landslide has

been classified as active in the upslope portion and dormant

in the remaining part, where almost all the villages are

located. Despite the velocity of the movement is an

extremely slow one (according to the classification given

in Cruden and Varnes 1996) and does not represent a high

risk to the people, it poses a major threat to the structural

elements (buildings and in infrastructure), which are often

subjected to repairing and consolidation works.

Data Used and Methodology

Geotechnical and Geological Data

Six inclinometers and eleven piezometers have been

installed inside the landslide perimeter (Fig. 1) during a

geotechnical campaign carried out from 2000 to 2006.

The I1, I3 and I5 were installed in 2001, with

measurements that span the temporal interval from January

2001 to September 2004. In 2004, three more instruments

were added, I2, I4 and I6, which have been measured until

September 2006. All the inclinometers reached failure. The

highest velocities are measured in the I1 inclinometer located

in Rocca d’Aveto. The inclinometric measurements have

allowed reconstruction of the depth of the sliding surface

(Fig. 2), located at about 10 m of depth in the upslope portion

of the landslide and at about 20 m of depth near Santo Stefano

d’Aveto village. In general, the depth of the slip surface

increases from the upper to the lower portion of the landslide.

The landslide affects the first layer of material composed

of colluvium soil made of debris in a sandy-silty matrix.

Thin layers of clay material are located inside the soil, and

they can possibly represent the potentially slip surface.

The piezometric monitoring has been carried out from

2000 to 2006 in eleven piezometers with monthly

acquisitions. The monitoring has highlighted that there is a

free water table in the debris cover and that the average

depth of the piezometric surface ranges from a few meters

in the upper portion of the landslide to around 20 m at the

toe. The measurements present a seasonal variability with a

Fig. 1 Landslide map with location of the geotechnical monitoring

instrumentation and damage to buildings and infrastructures. The trace

of the section is also reported
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water table lowering during dry seasons and rising in

the wet season.

PSI Data

Characterization and monitoring of the Santo Stefano d’Aveto
landslide have been carried out by using four stacks of

satellites SAR images. SAR satellite imagery in the C band,

acquired by the European Space Agency (ESA) satellites

ERS1/2 and ENVISAT, were employed for the reconstruction

of the history and spatial patterns of the Santo Stefano land-

slide (Table 1). These four stacks were processed with the

PSInSAR™ approach (Ferretti et al. 2000), the first technique

specifically implemented for the processing of multi-temporal

radar imagery, finally leading to the generation of

deformation velocity maps and a displacement time series

of point-wise targets for which a sixteen-year-long displace-

ment history was reconstructed. The reference points of

the four stacks—to which displacement measurements are

computed—were selected 1.5 km southwest Santo Stefano,

over marl formations devoid of ground deformation.

The proper selection of the reference point is a key aspect

within the PSI processing chain: the selected point has to be

chosen within areas unaffected by ground motions in order

to avoid the retrieval of an unreal pattern of deformation. In

Fig. 3, the distribution of PS points within the landslide is

shown. The highest LOS (Line of Sight) velocities, up to

35 mm/year in ERS descending dataset, have been generally

measured in the upslope zone of the landslide, where Rocca

d’Aveto is located. A general decrease of deformation rates

is observed moving down-slope.

The measurements recorded during the different time

periods (1992–2000 and 2002–2008) and through different

acquisition geometries—descending and ascending—are

consistent and confirm that the recorded ground movement

is related to a slope movement with a NE-SW direction

component.

Due to the intrinsic characteristics of the radar sensors,

InSAR-based displacements are 1D measurements. SAR

sensors are side-looking radar and operate with a LOS direc-

tion tilted with respect to the vertical direction. Because of the

rather small incidence angle (usually between 23� and 45�),
the sensor is much more sensitive to vertical deformation

than to horizontal deformation. Hence, the resulting data-

sets can estimate only the projection along the satellite

LOS. Under the assumption of absence of N-S deformation

components, combining ascending and descending infor-

mation permits one to extract the vertical and horizontal

(in the east-west direction) components of the movement

and, consequently, the real vector of displacement (Raspini

et al. 2012). Generally, to combine ascending and descen-

ding datasets and extract the vertical and east-west components

Fig. 2 Reconstructed geological

section of the Santo Stefano

d’Aveto landslide

Table 1 Time period, number of Persistent Scatterers (PS) within the

landslide area

Satellite Orbit Time period (#scene) Nr Ps

ERS1/2 Ascending 09/07/1992–20/08/2000

(27)

85

Descending 16/05/1992–19/12/200

(78)

403

ENVISAT Ascending 06/07/2003–29/06/2008

(30)

118

Descending 15/10/2002–06/05/2008

(33)

274
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of a specific point on the ground, it is necessary to identify a

radar target acting as a scatterer in both acquisition geometries.

Practically, identification of the same radar target in both

the datasets is often a challenge, due to the low spatial

resolution and to the poor geocoding accuracy.

This limitation has been overcome by re-sampling the

datasets of PS points by means of a regular grid with 50 m

intervals. For each grid cell and for both the ascending and

descending geometries, the mean value of the velocities of the

radar targets contained within the cell is calculated. Hence, a

synthetic Permanent Scatterrer is generated, with associated

ascending (VA) and descending (VD) velocity estimates. Using

the synthetic values and taking into account the orientation

of the employed LOS, the vertical (VV) and east-west (VE)

ground velocity components were estimated, by solving—cell

by cell—the following formulas (Raspini et al. 2012):

VA ¼ VV cos θA þ VE sin θA ð1Þ

VD ¼ VV cos θD þ VE sin θA ð2Þ

With θ (incidence angle) ¼ 23� for both geometries.

The results of the combination of ascending and descen-

ding data both for ERS and ENVISAT datasets is shown in

Fig. 4, where positive velocities indicate surface deformation

motion upward and eastward, while negative deformation

rates reflect movements downward and westward. Deforma-

tion is mainly horizontal, with negative velocity values

ranging between 20 mm/year and 30 mm/year with peaks

up to 49 mm/year in the ERS dataset and between

10 mm/year and 20 mm/year in the ENVISAT dataset.

The landslide is characterized by low vertical displace-

ments (on the order of a few mm/year), both in ERS and

Fig. 3 Input PSI data available for the Santo Stefano d’Aveto landslide: (a) ERS1/2 ascending (1992–2000); (b) ERS1/2 descending

(1992–2001); (c) ENVISAT ascending (2003–2008); (d) ENVISAT descending (2002–2008)
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ENVISAT dataset. It is worth noting that in the upslope

portion of the landslide, in the ERS time period, higher

downward velocities were registered, with a peak up to

15 mm/year.

Landslide Characterization and Comparison
of Monitoring Techniques

The re-projection of LOS velocity into its horizontal and

vertical components reveals that the Santo Stefano landslide

is characterized by predominant horizontal components, con-

sistent with a strong westward movement, just as expected.

This pattern of movement is typical of those sliding masses

commonly involving two or more of the classes of landslide

typologies. In particular, observed displacements in the upper-

most part of the landslide body are consistent with a down-

ward movement usually observed in rotational slides: as the

mass of material moves down slope along the concave slip

surface that is not structurally-controlled, it rotates downward,

leaving a large main head scarp. Moving down-slope, the

phenomenon evolves into a translational slide, as the landslide

mass moves along a roughly planar surface with little or no

internal deformation, as testified by negligible vertical defor-

mation rates. In its lowermost part, the slide further transforms

into an earth flow, as the material starts to lose coherence. In

sum, the pattern of movement of the Santo Stefano landslide,

as observed by InSAR monitoring, supports and constrains

the interpretation of the landslide itself and the definition of

the style of movement. The landslide is defined as a complex

phenomenon, started as a roto-translational slide affecting

the source area, which evolves downhill into an earth flow.

PSI data allowed the change of the state of activity of the

landslide: the whole landslide can be defined as active.

According to Cruden and Varnes (1996) and on the basis of

the PSI data, landslide velocity can be defined as very slow.

The time series of ENVISAT data, spanning the time

period from 2002 to 2008, have been compared with the

inclinometers, whose measurements cover a period from

2001 to 2006. The I1 inclinometer has been compared with

the PS A0106, whereas the I5 has been compared with the

PS A013W (Fig. 3). In order to perform a representative

Fig. 4 (a) ERS vertical and (b) horizontal component; (c) ENVISAT vertical and (d) horizontal component
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comparison, the displacement vector of the inclinometers

has been projected along the LOS using a simple trigonom-

etry equation:

Ilos ¼ Islope sin θ ð3Þ

where Ilos is inclinometer displacement along the LOS, Islope
is the inclinometer displacement and θ is 23�, the look angle
of the SAR sensors. In both cases, the computed velocity

values of the inclinometers along the LOS (22 mm/year for

I1 and 13 mm/year for I5) show values quite similar to the

mean velocities of closest PS (20 mm/year and 23 mm/year)

(Fig. 5).

Discussion and Conclusions

In this work, characterization and monitoring of the Santo

Stefano d’Aveto landslide have been carried out

integrating PSI data and conventional monitoring

techniques. The PSI analysis has been performed using

SAR scenes from ERS-1/-2 and ENVISAT satellites.

Conventional geotechnical monitoring has been carried

out from 2000 to 2006 by means of inclinometers.

The analysis of PSI datasets highlights that the veloc-

ity within the landslide shows a general decrease from the

upper to the lower part of the landslide. PSI analysis for

the temporal interval from 1992 to 2008 allowed the

changing of the state of activity of the landslide and the

defining of the landslide intensity in terms of velocity.

The SW portion of the landslide, in correspondence to

Santo Stefano d’Aveto village, previously classified as

dormant, can be now classified as active.

By combining information on landslide displacements,

acquired by ascending and descending geometries, it has

been possible to highlight a predominant horizontal com-

ponent, consistent with a strong westward direction of the

movement. Moreover, vertical deformation in the upper

part of the landslide body is thought to reflect a rotational

movement, evolving downhill into an earth flow.

A comparison between the deformation measured by

the PSI techniques and the inclinometric acquisitions has

been performed examining the velocity measurements

along the same line of sight. The results show that the

displacements measured by the two different types of

techniques are consistent.

The comparison of the PS results and the in situ moni-

toring by inclinometers shows that the PS analysis is a

valuable technique to monitor landslide deformations,

since it can provide plenty of ground measuring points

with time-series of deformations.

Based on the above-mentioned results, a couple of

guidelines on the applications of PSI to monitor

landslides can be derived. Even though PSI analysis

is a valuable technique to monitor landslides, some

expedients have to take into account to obtain sound

results: (i) correct reconstruction of the actual displace-

ment vector, i.e., the vertical component (VV) and the

horizontal E-W component (VE) and (ii) reconstruction

of the link between surface and subsurface displacements

combing the PSI results with in situ underground

displacements measures.
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del Suolo in Italia: Zonazione Sismica-Frane. In: Proceedings

of Atti dei Convegni Lincei, 30–31 May 1996. Roma, Italy.

pp. 187–259

Fig. 5 Comparison of PS® and inclinometer time series of displacement

356 V. Tofani et al.



Cruden DM, Varnes DJ (1996) Landslide types and processes. In: Turner

AK, Schuster RL (eds) Landslides: investigation and mitigation,

Special Report-Transportation Research Board, National Research

Council; National Academy Press, Washington USA, pp. 36–75

Fanti R, Gigli G, Lombardi L, Tapete D, Canuti P (2012) Terrestrial

laser scanning for rockfall stability analysis in the cultural heritage

site of Pitigliano (Italy). Landslides 5:1–12

Farina P, Colombo D, Fumagalli A, Marks F, Moretti S (2006) Perma-

nent scatterers for landslide investigations: outcomes from the ESA-

SLAM project. Eng Geol 88:200–217

Ferretti A, Prati C, Rocca F (2000) Nonlinear subsidence rate estima-

tion using permanent scatterers in differential SAR interferometry.

IEEE Trans Geosci Remote Sens 38:2202–2212

Gili JA, Corominas J, Rius J (2000) Using global positioning system

techniques in landslide monitoring. Eng Geol 55:167–192

Kaab A (2000) Photogrammetry for early recognition of high mountain

hazards: new techniques and applications. Phys Chem Earth

25:765–770

Mantovani F, Soeters R, van Westen C (1996) Remote sensing

techniques for landslide studies and hazard zonation in Europe.

Geomorphology 15:213–225

Massonnet D, Feigl KL (1998) Radar interferometry and its application

to changes in the Earth’s surface. Rev Geophys 36:441–500

Metternicht G, Hurni L, Gogu R (2005) Remote sensing of

landslides: an analysis of the potential contribution to geo-spatial

systems for hazard assessment in mountain environments. Remote

Sens Environ 98:284–303

Raspini F, Cigna F, Moretti S (2012) Multi-temporal mapping of

land subsidence at basin scale exploiting persistent scatterer

interferometry: case study of Gioia Tauro plain (Italy). J Maps 8:

514–524

Tofani V, Segoni S, Agostini A, Catani F, Casagli N (2013) Technical

note: use of remote sensing for landslide studies in Europe. NHESS

13:299–309

Zebker HA, Goldstein RM (1986) Mapping from interferometric

synthetic aperture radar observations. J Geophys Res 91:4993–4999

Persistent Scatterer Interferometry (PSI) Technique for Landslide Characterization. . . 357



Persistent Scatterers Interferometry Provides Insight
on Slope Deformations and Landslide Activity
in the Mountains of Zhouqu, Gansu, China

Janusz Wasowski, Fabio Bovenga, Tom Dijkstra, Xingmin Meng,
Raffaele Nutricato, and Maria Teresa Chiaradia

Abstract

We present the results of Persistent Scatterers Interferometry (PSI) applied to investigate

slope instabilities in a remote high mountain region of Southern Gansu, known to be prone

to large magnitude (M7-8) earthquakes and catastrophic slope failures. The PSI processing

of high resolution (~3 m) COSMO/SkyMed (CSK) satellite images produced spatially

dense information (more than 1,000 PS/km2) on ground surface displacements in the area

of Zhouqu, a town located in the Bailong River valley. A substantial portion of the radar

targets showed significant displacements (from few to over 50 mm/year), denoting wide-

spread occurrence of slope instabilities. In particular, the PSI results provided valuable

information on the activity of some very large, apparently slow landslides that represent a

persistent hazard to the local population and infrastructure. Monitoring movements of large

long-lived landslides is important especially when, as in the case of the Bailong valley, they

are known to undergo periods of increased activity resulting in river damming and

disastrous flooding. Given the general lack of monitoring data on large landslides at

Zhouqu and on other similar major failures that are common in Southern Gansu, the PSI-

derived displacements offer unique information, which, following expert judgment, can be
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used for preliminary wide-area assessments of hazards linked to landslide activity. Fur-

thermore, this study shows that with the high resolution CSK data resulting in high radar

target density, PSI can also assist in slope/landslide-specific assessments.

Keywords

SAR interferometry � Persistent scatterers � Landslide monitoring � Gansu � China

Introduction

The space-borne Synthetic Aperture Radar (SAR) Differen-

tial Interferometry (DInSAR) can be exploited to measure

ground surface deformations with millimeter-centimeter

precision. However, the applicability of DInSAR is limited

to areas with scarce vegetation cover. The advanced multi-

temporal InSAR techniques (MTI) such as Persistent

Scatterer Interferometry (PSI) (e.g. Ferretti et al. 2001) miti-

gate this limitation by using selected, persistent radar targets

(PS) that exhibit coherent radar backscattering properties

(mostly man-made structures, rocky outcrops and bare

ground in general). This offers the possibility of detecting

and monitoring with millimeter precision surface

displacements that can occur between successive satellite

overpasses of the same area. The PSI techniques combine a

wide-area coverage (thousands km2) and capability to pro-

vide precise, spatially dense measurements (from hundreds

to over thousand measurement points/km2), and therefore,

can assist in both regional and local scale investigations of

landslides (e.g. Bovenga et al. 2006, 2012; Colesanti and

Wasowski 2006; Cascini et al. 2010; Herrera et al. 2013).

Importantly, new application opportunities have recently

surfaced out thanks to i) the greater data availability offered

by the steadily increasing number of radar satellites, and ii)

the improved capabilities of the new radar sensors (X-band

Cosmo-SkyMed, C-band RADARSAT-2, TerraSAR-X; see

Table 1) in terms of spatial resolution (from ~3 to 1 m) and

revisit time (dt in Table 1), from 11 to 4 days for X-band

acquisitions. The higher resolution of space-based informa-

tion on ground surface displacements reduces the technical

and interpretative limitations of PSI applications to slope

instability detection and landslide monitoring (e.g. Bovenga

et al. 2012; Wasowski and Bovenga 2014).

However, examples of high resolution PSI applied to

landslide investigations are still relatively rare, especially

from outside of Europe. More case studies are needed to

illustrate and better evaluate the potential, as well as

limitations, of this type of applications. This is the main

motivation of the work presented here, which describes the

results of catchment-scale (about 40 km2) high resolution

X-band PSI investigation of a landslide-prone area located in

a high mountain setting of southern Gansu, China.

Environmental Setting of the Study Area

General

The area of interest is located in the southern part of Gansu

Province, northwestern China, characterized by steep

mountains with elevations ranging from about 1,000 to

4,000 m. The town of Zhouqu (known also as Zhugqu)

developed on the northern bank of the Bailong River

(Fig. 1) at an altitude of about 1,350 m, whereas the highest

nearby peaks reach nearly 3,800 m. The high local relief and

deeply incised river valleys are typical of the landscape in

southern Gansu. Another characteristic feature of the local

slopes is the presence of agricultural terraces in the loess

cover materials, often found on steep slopes and at high

elevations (exceeding 2,000 m).

The climate is semi-arid to arid, being characterized by

modest rainfall with an annual average precipitation of

434 mm (Tang et al. 2011). The rainfall is largely

concentrated in the period June–September. On average,

75 % of the annual precipitation falls during this period.

Vegetation cover is limited in the Zhouqu area. The

highest elevation areas include some forest and shrub

cover, in addition to common presence of grass land. The

barren ground is also common on the high steep slopes and

corresponds mainly to rock outcrops. The land cover on the

middle-lower elevations (valley slopes) is reflects the pres-

ence of cultivated ground.

Geology

The Zhouqu area belongs to the seismically active eastern-

most Tibetan region. The structural setting is inherited from

the ancient and the ongoing Himalayan orogenic phases
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(Dijkstra et al. 1993), with intensely sheared rocks reflecting

the long-term tectonic activity.

The surface topography closely reflects the regional geo-

logical structure with the major valley system of Bailong

River following main NW-SE trending fault systems

(Fig. 1). The bedrock geology in the valley mainly

comprises Silurian and Carboniferous slates and phyllites

(Fig. 1). The highest mountains are predominantly formed

in metamorphosed limestones of Permian and Devonian age.

In some portions of the Bailong River valley system signifi-

cant amounts of Quaternary age deposits are also present

(Dijkstra et al. 2012).

The seismic activity of the area is marked by high mag-

nitude events. For example, the 1879 Wenxian/Zhouqu

Ms ¼ 8.0 earthquake caused extensive landsliding and

rockfalls, and the 186 BC Ms ¼ 7 to 7.5 earthquake, had

an epicentre close to Zhouqu (Dijkstra et al. 1993). The

region was also affected by the 12th May 2008 Mw ¼ 7.9

Wenchuan earthquake (epicentre located ~250 km away

from Zhouqu).

Landslides

Slope failures and erosion are widespread in the Zhouqu

mountains, reflecting the fragility of this high relief environ-

ment characterized by the presence of tectonically sheared

weak rocks, limited vegetation and frequent recurrence of

large magnitude earthquakes. Numerous large landslides and

debris flows have already been recognized in the region

around Zhouqu (Bai et al. 2012; Dijkstra et al. 2012).

The most significant of these comprise complex mass

movements with large volumes (>1 million m3) that tend

to concentrate along the main river valleys, occasionally

resulting in river damming and catastrophic flooding.

Initiation of many mass movements is thought to have

originated during the 1879 AD and 186 BC earthquakes.

Furthermore, Bai et al. (2012) reported that the post-

earthquake emergency assessment and the remote sensing

survey of the area struck by the 2008 Wenchuan event

indicated 878 seismically triggered landslides in the

Zhouqu-Longnan segment of the Bailong River Basin. How-

ever, according to Tang et al. (2011), no significant

landslides were triggered by the 2008 Wenchuan earthquake

in the Zhouqu area.

Data and Methods

Radar Satellite Data

For PSI processing 22 high resolution (3 m Stripmap mode)

X-band images, were used. The images were acquired in

descending geometry (incidence angle θ: 40�) by the Italian

Space Agency (ASI) satellite constellation COSMO/

SkyMed (CSK). They cover the period January 2011–Feb-

ruary 2012.

Table 1 Selected characteristics of principal SAR sensors, including

the upcoming Sentinel-1

Satellite

mission

Wave-

length

(cm)

Resolution

Az/Rg (m)

dt

(days)

Max.Vel.

(cm/year)

ALOS

PALSAR

23.6 �5/8.6 46 46.8

ALOS PAL

SAR-2

22.9 1/3

3�10/3�10

100/100

14 149.2

ENVISAT 5.6 �6/24 35 14.6

RADARSAT-

1

5.5 �8/30 24 20.4

RADARSAT-

2

5.5 �3/3

�8/8

�26/25

24 20.4

SENTINEL-1 5.6 �5/5� 24 12

6

42.5

85

COSMO-

SkyMED

3.1 �2.5/2.5

1.0/1.0

16

8

4

2

17.7

35.4

70.7

141.4

TerraSAR-X 3.1 �3.3/2.8 11 25.7

Fig. 1 Geological sketch map on a grey-scale KOMPSAT2 (2010)

image, showing the main geological strata in the Zhouqu region
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PSI Processing

For processing we used SPINUA PSI algorithm (Bovenga

et al. 2006). SPINUA adopts a patch-wise approach based on

processing of limited portions of radar imagery (usually a

few km2), which are selected according to the density and

the distribution of initially identified potential PS. This solu-

tion enables obtaining fast results by processing small num-

ber of SAR images (cf. Bovenga et al. 2012).

Visualization and Interpretation of PSI Results

We had no suitable scale topographic maps or air photos for

displaying the outcomes of interferometric processing.

Therefore, the visualization of PSI results was done with

support of Google Earth (GE) and its optical imagery. The

GE images with overlaid PS points were also used during the

reconnaissance field checks and the interpretation process.

PSI Results

General Assessment

Figure 2 show that PSI processing produced a large number

of persistent radar targets (over 46,000) in the Zhouqu area.

The average density of PS is more than 1,000/km2. This

result is consistent with high resolution of the radar imagery

and the environmental characteristics of the area studied

(semi-arid setting, limited vegetation).

At Zhouqu many radar targets exhibit the average Line of

Sight (LOS) velocities within �2 mm/year (Fig. 2). These

PS are considered motionless and indicative of stability

conditions. This is consistent with our in situ checks and

with the presence of hard bedrock commonly cropping out

throughout the study area. Nevertheless, the PSI displace-

ment map reveals also many sites with moving PS. Of most

interest are large clusters of PS characterized by average

velocities typically exceeding 10 mm/year (Fig. 2). These

denote significant slope instabilities and are examined in

more detail below.

Slope/Landslide Specific Evaluations

The Suoertou Slide (No. 1) and Slope Instability
(No. 2)
The Suoertou landslide is a very large (~4 km long, ~0.5 km

wide) complex mass movement just to the northwest of

Zhouqu, occurring within a narrow (up to 1.5 km wide),

NW-SE trending fault-bounded valley (Fig. 2). There are

few settlements present on or very close to the landslide,

including the Suoertou village situated on the landslide toe,

near the Bailong River. The slide involves intensely sheared

slates and phyllites and moves into the river valley in

approximately SE direction. The average slope gradient of

the movement is over 12�.
Figure 3 shows a GE-supported 3D visualization of the

PSI results for the middle-lower part of the slide and its

surroundings. The displacements in the lower part (toe) are

significant, with PS velocities typically exceeding

Fig. 2 Distribution of persistent

radar targets (over 46,000) in the

Zhouqu area. Numbers 1–5
indicate unstable slopes. Bluish
and reddish colors mark PS

moving, respectively, toward and

away from the satellite sensor

(LOS ¼ radar line of sight).

Background image is from GE

(note Bailong River in the center)
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10–15 mm/year in LOS. The highest displacement rates

(over 50 mm/year) were detected in the uppermost part of

the landslide toe.

These results are consistent with the presence of damaged

retaining structures along the road that traverses the slide toe

noticed during the field check in January 2011. At the same

time clear evidence of the recent mobility (e.g. fresh, wide

open ground fractures) was also observed in the middle-

upper part of the landslide.

Figure 3 shows also a cluster of moving PS in the area

occupied in part by the village of Zhen Yatou, at the left-

lateral flank of the Suoertou landslide. The LOS velocities

typically range from about 10 to 15 mm/year. We had no

information about the occurrence of ground/slope

instabilities there, even though the presence of the disturbed

ground and both old and recent landslide features in the

upper part of the slope was documented during the 2011

field visit; also small recent failures locally involving the

agricultural terraces and signs of erosion were noticed on the

slope below the village.

Following the release of the PSI displacement map

(2012), a closer examination of the site aided by 3day GE

visualizations, suggested that the ground instability at Zhen

Yatou could be interpreted as a collateral slope failure

caused by the movement of the large Suoertou landslide.

The affected slope area is about 450 m wide and 400 m long.

Locally the PS movements may also reflect structural

instabilities (open cracks on some poorly constructed

buildings were noted in the field).

The Mudan Landslide (No. 3)
This landslide, located just to the southeast of Zhouqu, on

the NE facing valley slope of the Bailong River (Fig. 2), is

about one km long and 500 m wide, and the average slope

gradient is around 15�. The slide involves intensely sheared

shales and phyllites and is moving towards the river in an

approximately ENE direction.

In spite of some recent stabilization efforts (mainly drain-

age works), during the field visits in 2011 and 2012 the slide

showed clear signs of movement. Its active toe poses a threat

to the settlements and infrastructure (e.g. road) along the river.

Figure 3 shows the PSI results for the slope area affected

by the Mudan landslide. The PS velocities in the northern

segment of the slide typically exceed 15 mm/year, with

maximum displacement rates reaching 40 mm/year (in

LOS). Parts of the landslide complex show clear evidence

(e.g. intensely deformed ground, fractures) indicative of the

recent occurrence of significant movement (e.g. the northern

part of the slide). These and the associated ground surface

disturbance can explain the lack of PS there. The presence of

slowly moving PS on the lower slopes of the southern

segment of the slide deserves attention, because this area is

very close to the village of Henan.

No. 4 Landslide East of Zhouqu
Figure 3 shows the PSI results for the No. 4 landslide located

about one km east of Zhouqu. The PS velocities are the

highest in the middle-upper portion of the landslide (typi-

cally ranging between 15 and 20 mm/year in LOS) and

significantly decrease in its middle-lower portion (around

10 mm/year). The movements seem to further diminish in

the lower part of the landslide (PS velocities down to few

mm/year) and die out in the toe area; the lower-most slope

appears to be stable. The local road, which overpasses the

upper part of the landslide, is also affected by movements

(PS displacements on the order of 20 mm/year).

Before the release of the PSI results very little was known

about this landslide. The subsequent interpretation of the GE

imagery and field inspection in 2012 showed that the land-

slide is over 1 km long and up to about 300 m wide. In the

Fig. 3 (Left) Distribution of PS

in the area just east of the town of

Zhouqu including the large

Suoertou landslide (No. 1) and the

ground instabilities at the village

of Zhen Yatou (No. 2) interpreted

as a collateral slope failure on the

left flank of the main landslide.

(Right) PS velocity map with No.

3 and No. 4 landslides located

south of Zhouqu. Background

image is from GE
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upper and seemingly more active part (marked by the visibly

disturbed ground) the movement involves slates or phyllites,

whereas the lower part of the landslide appears relatively

stable judging from the presence and continuity of cultivated

loess terraces observed in situ. The slope failure history is

not known, but recent activity (predating the 2010 GE imag-

ery) in the upper part of the landslide can be inferred from

the routing of the local road that overpasses that area

(Fig. 3).

Conclusion

The PSI processing of high resolution CSK data produced

spatially dense information (more than 1,000 PS/km2) on

ground surface displacements in the Zhouqu territory. A

substantial portion of the radar targets show significant

displacements (exceeding few mm/year), denoting wide-

spread occurrence of ground/slope instabilities. This is

not surprising considering the high rate of seismo-

tectonic activity of the area.

In particular, when interpreted in the local geomorpho-

logical and geological contexts of the study area, the PSI

results provide valuable information on the activity of

some large landslides that represent a persisting hazard

to the local population, buildings and lifelines. In view of

the general lack of monitoring data on these and many

other large landslides that are also common elsewhere in

the Bailong River valley, the PSI-derived displacement

results offer unique information, which, following expert

judgment, can be used for preliminary wide-area

assessments of hazards linked to landslide activity.

Importantly, the PSI application also leads to an identifi-

cation of stable areas, a difficult task in Zhouqu and

similar, tectonically active mountainous environments.

This information is of much value for the local

administrators and planners responsible for the develop-

ment of the Zhouqu area.

Furthermore, thanks to the high resolution of CSK data

resulting in high density of radar targets, the Zhouqu case

application shows that PSI can also assist in site-specific

or landslide-specific assessments. This, however, implies

a close integration of PSI results with good quality/reso-

lution data on local geology, geomorphology and slope

history, as well as a good understanding of processes

causing ground instability.
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Landslide Hazard Investigation and Assessment
Using Remote Sensing in the Three Gorges Reservoir
Area

Runqing Ye, Wenming Cheng, Xiaolin Fu, Runze Wu, Jianying Yang, and
Ruiqing Niu

Abstract

Landslides can result in enormous property damages and human casualties in mountainous

region, which are controlled and influenced by many temporal and spatial factors. Compre-

hensive understanding of landslides should be based on multi-source data collection,

information extraction and data analysis. In this paper, landslide-prone area from Zigui

to Badong in the Three Gorges Project reservoir area is chosen for the study area to

landslide information extraction and hazard analysis based on multi-source data, which

focused on the integration between remote sensing and non-RS data for landslide investi-

gation and hazard analysis. And ten thematic maps were generated from multi-source data,

namely landslides inventory map, slope map, slope structure map, geotechnical map, land

cover and its changes map etc. The Support Vector Machine (SVM) model is employed for

landslide susceptibility mapping. The results show a convincing success to distingusih the

high and low landslide susceptibility regions.

Keywords

Multi-source data � Remote sensing � Landslide susceptibility mapping � The Three Gorges
Project reservoir area

Introduction

The Three Gorges Project (TGP) is an unprecedented hydro-

power construction in China and even the largest in the

world, due to its huge scale, important location, far-reaching

influence, combining with many aspects in economic and

social benefits like the power generation, flood control and

navigation. However, slope instabilities (such as landslides,

rockfalls, high cutting slopes) with thousands of recorded

geological hazards, some of those are in state of active

deformation (Chen and Cai 1994) contribute to the biggest

threaten and obstacle of economic and social development in

this area. Landslides are controlled or influenced by multiple

factors in TGP reservoir area, not only the landslide-

favourable geological and topographical conditions, as well

as the triggering factors like rainfall, water storage, human

activities. Such as the Qianjiangping landslide occurred

shortly after the reservoir water reached to 135 m (Wang

et al. 2004). According to the statistics of 1,736 landslides

shows that the distribution of landslides are well correlated

with the precipitation over time and space, and also strictly

controlled by the stratum, geological structure, river valley

form, shore types, etc. (He et al. 2008). Hence, comprehen-

sive understanding and assessing landslide hazard in this

area should be based on multi-sources data. This work

demonstrates the application of remote sensing (RS) and

geographic information system (GIS) for landslide interpre-

tation, information extraction and susceptibility analysis
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based on the fusion of RS imagery and topographic,

geological and field investigation data.

Study Area and Multi-Sources Data

Study Area

The study area Zigui to Badong section with an area of

527 km2 and the range of 30�470–31�050N and

110�000–110�180E, lie along the middle reaches of the

Yangtze River in Central China. A variety of slope failure

types occurred in this area, including simple, rotational

slumps in poorly or unconsolidated materials, translational

rock and debris slides, debris flows and complex examples

involving more than one type of failure mechanism and

several types of material (Liu et al. 2004). Such as

Qianjiangping landslide occurred on July 13, 2003 and

Xintan landslides occurred on June 12, 1985. And also

many other slope failures events in the study area. Especially

after the TGP completed and reservoir water storage, more

unstable areas such as neo-genetic landslides (Luo and Liu

2005).

According to Hubei Province Geology Survey (1984), the

strata exposed relatively complete from pre-Sinian to Qua-

ternary, except some formations in Devonian, Carboniferous

and Tertiary, and strata chronological time became new

gradually from east to west. The strata can be divided into

four major engineering rocks group based on lithology and

formation characteristics (Ministry of Geology and Mineral

Resources 1998), including the pre-Sinian massive crystal-

line basement, Sinian to Triassic (Z–T1) carbonate rocks, the

clastic rocks from middle Triassic (T2) to Jurassic (J), and

Quaternary deposits. Fold is the main structural pattern,

including Huangling anticline, Zigui syncline and Badong

syncline. Several major faults make the rocks fragmentized,

including Xiannvshan fault, Jiuwanxi fault and Niukou fault

(Deng et al. 2000).

Multi-Source Data

In this work, four types of data sources were collected and

processed for landslide investigation and assessment,

namely, remote sensing images, geological maps, relief

maps and field investigation data, which are used to

extracted the thematic maps for landslide interpretation and

landslide susceptibility mapping.

Data Processing and Thematic Information
Extraction

There are fivemajor factors that contribute to the occurrences

of landslides in the study area, namely rock types and

associations, structure/texture combinations, valley slope

geometry, hydrogeological conditions, and dynamical

factors (Li et al. 2001). Herein ten types of thematic maps

were generated from multi-source data (Fig. 1).

Engineering Rocks Map

Lithology is a major controlling factor on the slope stability

(Lan et al. 2004). Such as the purplish-red mudstone of the

Badong group, which is widely distributed in the Badong,

Wushan and Fengjie County in the Three Gorges reservoir

area, is often called as “sliding-proned formation” (Yin and

Hu 2004; Lu et al. 2010). The strata are divided into three

types, namely hard, soft and interbedded rocks, and which

characteristics are shown in Table 1.

Slope Structure Map

Slope structure controls the failure mode of slope, such as

most of large-scale deep-seated rock landslides developed

on the forward slope (Huang 2007), such as Fanjiaping

landslide, Qianjiangping landslide, and Huangtupo landslide

in the study area. According to the relationship between the

slope, aspect and attitude of stratum, slope structure are

divided into six types, namely massive rocks, forward

slope, oblique slope (i.e. oblique-forward and oblique-

reverse), reverse slope, lateral slope (Liu and Yan 2002).

By Geoprocessing functions in ArcGIS software, quanti-

tative model for slope structure division was developed, and

the slope structure map was automatically generated by the

model after inputting the slope, aspect, and the inclination

angle of strata (Li and Niu 2009).

Slope Map

Slope is a measure of the steepness of the terrain or the rate

of change in elevation. Slope angle and geometry are

controlling factors in slope stability in the TGP reservoir

region (Wu et al. 2001). The DEM was generated from the

29 relief maps at the scale of 1:10,000.

366 R. Ye et al.



Fig. 1 Thematic maps for landslide susceptibility mapping extracted from multi-source data
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Drainage Buffer Map

Drainage buffer analysis is a commonly used evaluation

factor in landslide. Many of the large landslides in the

Three Gorges region occur in close proximity to water

(Wu et al. 2004). Drainage buffers reflect the relevance

between reservoir water (or the elevation) and landslides.

The farther away from reservoir water, the smaller the

impact by reservoir water. Multi-level drainage buffer

zones were generated from 135 m water level lines with

200 m intervals.

NDVI and NDWI

Landsat ETM + images capabilities allowed us to under-

stand the feature of land cover in the study area. A

Normalized Difference Vegetation Index (NDVI) map was

obtained using the infrared (band 4) and red band (band 3) of

the Landsat ETM + image.

Water plays an integral role in the formation and evolu-

tion in the landslide, the groundwater acts a direct impact on

landslide stability. Groundwater monitoring shows the water

level and changes are directly related with the landslide.

Here the use of Landsat ETM + images of bands 2 and 4

to calculate the Normalized Difference Water Index

(NDWI).

In order to facilitate the processing of NDVI and NDWI,

here the values normalized to a value of 0 to 255 digital

numbers (DN) by the following formula.

Land Cover and Land Cover Change

Land cover and its change maps of 1987 and 2000 were

derived from Landsat TM/ETM + images following these

steps: Firstly, registration of diffirent images. followed to

select the appropriate classification algorithms for land

cover classification, here we use maximum likelihood clas-

sification (MLC) to access the land cover classification, and

generated two land cover maps with four land cover types,

namely residential and construction area (R), farmland (F),

vegetation (V) and water (W); then land cover change map

was derived from two phases of land cover maps.

Object-Oriented Images Features

Image interpretation and field survey, we concluded that

landslides, especially large or giant landslides, show a par-

ticular combination of several land cover types. Land cover

on a large number of landslides are mainly residential area,

cultivated land, bare soil and sparse vegetation. In the

Landsat images, it shows particular characteristics of texture

on the landslides. Beliz and Murat (2012) carried out a data-

driven and semiautomatic classification to access landslide

prediction from Landsat ETM + satellite images by object-

based image analysis and fuzzy logic.

We chosen the Landsat ETM + images for segmentation.

After the comparative analyis of spectrol and texture

characteristics of objects between landslide areas and non-

landslide areas, the object-oriented brightness and GLCM

contrast were selected as factors for landslide assessment.

Landslide Interpretation

With the continuous improvement of RS imagery resolution,

the shape and texture characteristics of the landslide mor-

phological features become more clear and intuitive. The RS

technology catches more attention among the landslide

investigation, and image interpretation become the first pro-

cedure of regional scale landslides investigation.

In this study, we present a approach for landslide investi-

gation based on multi-source data three dimension visuali-

zation. The integration and three-dimension visualization of

DMC images, DEM, engineering geological maps help us

for landslides interpretation and features extraction.

Three Dimension Visualization

We overlaid DMC images and thematic maps (slope, slope

structure, geological maps) on the three dimension visual

platform for landslide interpretation and features extraction

based on multi-source data. It provides a human-computer

interactive functions, such as browsing, vector editing, area

and volume measurement etc., to facilitate landslide inter-

pretation on it. And slope, slope structure, lithology were

added to enhance the capacity of landslide interpretation.

Table 1 Engineering rock types in TGP reservoir area

Engineering rocks Lithology Chronological time

Hard rocks Igneous rocks, metamorphic c rocks, carbonate, thick to massive sandstone Pre-Sinian, Permian, Triassic, Cretaceous

Interbedded rocks Sandstone interbedded with siltstone, mudstone or marl Triassic to Jurassic, Upper Sinian,

Soft rocks Siltstone, shale, mudstone, or siltstone, shale rock Triassic to Jurassic, Silurian, Quaternary

368 R. Ye et al.



Lanslides Interpretation

According to the recorded landslides, the diagnostic features

of landslide and its development environment are established

in this region based on multi-source data. The diagnostic

features can be divided into two types, namely new-occured

and old landslides. Through 3-D visualization based multi-

source data and field investigation, the locations, boundaries,

elements at risk and other information of 202 landslides were

determinated, and the landslide inventory map at the scale of

1:10,000 in this region was generated.

Landslide Susceptibility Mapping

Landslide Susceptibility Mapping

Support Vector Machine (SVM) is applied to landslide sus-

ceptibility mapping using multi-sources data. SVMs are

particularly appealing in this research due to their ability to

generalize well even with limited training samples, a com-

mon limitation for landslide susceptibility mapping in a

data-sparse environment.

The study area is divided into small units with a size of

28.5 m � 28.5 m. by the samples learning include landslide

and non-landslide samples, 10 factors were classified by the

SVM model to generate landslide susceptibility map.

According to the distribution of landslide susceptibility, the

landslide susceptibility of the study area was thresholded into

five broad classes with the intervals (0.95, 0.9, 0.85, 0.75),

namely, very high, high, medium, low, very low (Fig. 2).

Results Analysis

From the landslide susceptibility map, the area and

pecentage of very high, high, medium, low, very low hazard

regions are 34.40, 39.87, 47.79, 108.10, 297.95 km2 and

account for 6.51, 7.55, 9.06, 20.48, 56.45 % respectively.

Almost all the landslides are located in very high, high

landslides susceptibility regions, some are in medium

landslides susceptibility regions. The area of very high,

high, medium susceptibility regions in the recorded

landslides accounted for 86.22 %, indicate that the

accurancy of landslide susceptibility analysis is high and

the result is reliable.

Field Investigation

Interestingly, during the field survey, thirty one bank

collapses triggered by reservoir water storage of 172 m

water level in October, 2008 in the study area. All the bank

collapses developed in this area with very high, high and

medium landslide susceptibility regions. Furthermore, all

the bank collapses with large size (more than 10 m wide)

occurred in very high, high landslide susceptibility areas.

Conclusions

This work presents a study on the confusion of RS imag-

ery and geology, topography, engineering geology, field

investigation data for landslide survey, information

extraction and landslide hazard assessment. More than

ten thematic maps were extraction from multi-resource

data, including landslide inventory map at the scale of

1:10,000 and ten essential factors for landslide suscepti-

bility mapping, namely, slope, drainage buffer, engineer-

ing rock group, slope structure, NDVI, NDWI, land

cover, land cover change, and object-oriented spectral

and texture features. SVM model was employed to land-

slide assessment based on multi-sources data, and land-

slide susceptibility map were generated, which shows a

convincing success to distinguish the high and low land-

slide susceptibility regions.

Remote sensing technique plays a key role in this work

and enable to acquire abundant detail information

Landslide susceptibility

Very low

Low

medium

High

Very high

0 2.5 5 10 15 20
Kilometers

N
Fig. 2 Landslide susceptibility

mapping
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efficiently at regional scale. We obtained the landslide

inventory map by images interpretation, field surveys and

data collection, and determinated the locations,

boundaries, elements at risk and other information of

202 landslides. Among ten factors for landslide suscepti-

bility mapping, six thematic maps are extracted from RS

images. And land cover change and object-oriented

image feature added into landslide assessment which

taken the impacts of human activities into consideration,

and makes the results of landslide hazard assessment

more practical and reasonable. What’s more, the three-

dimensional visualization and multi-scale segmentation

techniques are applied to improve the ability of landslide

identification and information extraction.
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Landslides Susceptibility Mapping in Oklahoma
State Using GIS-Based Weighted Linear Combination
Method

Xiaogang He, Yang Hong, Xiaodi Yu, Amy B. Cerato, Xinhua Zhang, and
Marko Komac

Abstract

Oklahoma experiences approximately 20 reported landslides per year, which cause damage

to transportation corridors and infrastructure. A refined regional hazard map has the

potential ability to assist the state with detecting landslide hotspots and prevent future

transportation corridor blockages. Combining the Geographic Information System (GIS)

and high resolution satellite images, a first-cut landslide susceptibility map over the state of

Oklahoma has been generated through the following two steps. The top four key landslide-

controlling factors, including slope, soil texture type, land cover and elevation, were

derived from a comprehensive geospatial database. After that, GIS-based weighted linear

combination (WLC) method was utilized to assign the factor weight for each controlling

parameter to generate the landslide susceptibility values, which are classified into five

categories. Our study indicates that the entire state can be divided into five levels of

susceptibility, namely very low (7.80 %), low (38.32 %), medium (45.15 %), high

(8.09 %) and very high (0.64 %). These results match the historical landslide risk map

well, especially in the south eastern and north western corner of the state. Further compari-

son with the landslide inventory data provided by the Oklahoma Department of Transpor-

tation (ODOT) and U.S. Geological Survey (USGS) shows that, 17 out of 19 (ODOT) and

60 out of 86 (USGS) events are located in category “high” or “very high”, which

demonstrates the ability of WLC method in predicting landslide prone areas.

Keywords

Landslide susceptibility � Remote Sensing � GIS � Oklahoma

Introduction

Landslides, which are usually described as the large scale

gravity driven mass movement over land surface and

beneath bodies of water (Lu and Godt 2013), are one of the

most common and costly natural hazards in the world. In

the U.S., landslides cause huge damages, especially in

California, Oregon, and Washington. In fact, Oklahoma

experiences approximately 20 reported landslides per year

(Reidenbach, Oklahoma Department of Transportation

(ODOT) Material Division, 2011, personal communication)

that damages home, roadways and infrastructure and quietly

cost the taxpayers substantial amounts of money. The land-

slide problem is even more serious in the south eastern
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corner of Oklahoma, where many roads are annually dam-

aged or destroyed (Fig. 1).

It is therefore necessary to generate a refined regional

landslide susceptibility map, which will provide guidelines

to assess the spatial variability of potential landslides by

identifying hot spots in landslide prone areas. Historically,

there is one landslide hazard map for Oklahoma (Radbruch-

Hall et al. 1982), but it is out of date and created with

experiential information as a coarse rendering of historical

landslides occurrences. Currently, the development of satel-

lite remote sensing products makes it possible to evaluate the

landslide occurrence at an improved spatial resolution, con-

sidering the effect of geologic, hydrologic, climatic

conditions and human impacts on the triggering of landslide.

This study will combine the high-quality satellite images and

Geographical Information System (GIS) based weighted

linear combination (WLC) method to generate a landslide

susceptibility map over the whole Oklahoma state. This

would provide clues to the locations and conditions of future

slope failures and facilitate the scope and design of site-

specific geotechnical investigations and guide slope remedi-

ation strategies.

The structure of the manuscript is as follows: section

“Geospatial Data Sets” introduces the archived geospatial

database, and how comprehensive landslide controlling

factors were derived. In section “Methodology”, landslide-
controlling factors are classified into numerical categories

with a continuum of increasing susceptibility to landslides.

This section further describes how to derive and verify the

landslide hazard (i.e. susceptibility) map using multi-

thematic geospatial datasets and the Oklahoma landslide

inventory database. In-depth analysis and discussion are

reported in section “Results and discussion”. The last section
concludes the manuscript.

Geospatial Data Sets

Landslide occurrence is determined by complex interactions

among large number of factors, such as geologic features,

geomorphology, land cover, soil properties and hydrology.

All these factors can be classified into two categories: static

factors and dynamic factors (Dai and Lee 2002). Static

factors include the geologic features, geomorphology, land

cover and soil characteristics which remain stable over a

relatively long period of time. Dynamic factors refer to the

trigger factors of landslides; mainly rainfall and earthquakes

(Dai and Lee 2002). When mapping landslide susceptibility,

only static factors are considered. Suggested by previous

studies (Dai and Lee 2002; Carrara et al. 1991; Anbalagan

1992; Larsen and Torres-Sanchez 1998; Lee and Min 2001;

Saha et al. 2002; Fabbri et al. 2003; Sarkar and Kanungo

2004; Coe et al. 2004; Hong et al. 2006, 2007), we consid-

ered four dominant factors to generate the Oklahoma

Fig. 1 (a) Pawnee seasonally recurring landslide Route 64; (b) Red

Oak Route 82 and abandoned county road; (c) Chickasha, Route 62

(Cerato et al. 2006); (d) Keatonville Road, abandoned; (e) Keatonville

Route 20; (f) Idabel, Route 70 seasonally recurring landslide (Cerato

and Nevels 2007)
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landslide susceptibility map, including slope, elevation, land

cover type and soil texture type. Parameters related to these

controlling factors can be derived from various remote sens-

ing products, as described below in details.

Digital Elevation Model Data

The National Elevation Dataset (NED) (http://ned.usgs.gov/)

is used in this study, which is the primary elevation data

product of U.S. Geological Survey (USGS). The NED is

updated bi-monthly by incorporating the best available cover-

age from other data sources. The resolution of NED is avail-

able at 1 arc-second (about 30 m) and 1/3 arc-second (about

10 m) and up to 1/9 arc-second (about 3 m) in limited areas.

The absolute error of NED is only 2.44 m according to the

root mean square error. Fig. 2a shows the 30 m mosaic DEM

of Oklahoma derived from NED. Besides the elevation infor-

mation which can be directly obtained from DEM, other

topographical factors can also be generated by DEM, includ-

ing slope, slope aspect, hill shading, slope curvature and so

on. In this study, only slope is considered as one of the

controlling factors in landslide susceptibility analysis as

suggested by previous studies. Fig. 2b shows the slope distri-

bution over the whole state.

Land Cover Data

The land cover data used in this study is National Land

Cover Database 2006 (NLCD2006) from USGS. This

dataset is generated from Landsat Enhance Thematic Map-

per + (ETM+) by using unsupervised classification method.

NLCD land cover data has a spatial resolution of 30 m.

There exist 15 different types of land cover in Oklahoma,

as shown in Fig. 2c.

Soil Type Data

The soil type data adopted in this study is State Soil Geo-

graphic Data Base (STATSGO), which is produced by the

Fig. 2 Geospatial data sets used for landslide susceptibility mapping. (a) 30 m DEM from NED (unit: meter); (b) Slope derived from DEM

(unit: degree); (c) 30 m land cover from USGS; (d) Soil texture from STATSGO
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United States Department of Agriculture-Natural Resource

Conservation Service (USDA-NRCS). It consists of

georeferenced digital map data and associated digital tables

of attribute data. These vector data cannot be directly used in

gridded format. Therefore, they were further developed

into the multi-layer datasets with 1 km resolution by

Pennsylvania State University. The spatial distribution of

soil texture type for Oklahoma State is shown in Fig. 2d.

This dataset is resampled to the same horizontal resolution

(30 m) as other datasets.

Landslide Inventory Data

The Landslide inventory data was gathered by reviewing

existing historical landslides from ODOTMaterials Division

Archives and USGS, which, in most cases include an as-built

and post-slide survey. We also did field surveys of the study

areas and believe this is the most direct and exact detection

method. However, it can be difficult to get access to the areas

where the landslides occur, or detect historical landslides on

transportation corridors that may have been repaired. There-

fore, the number of available landslide events is limited.

Basic characteristics of landslide events, such as location,

time, size, extent, cause, geology and climate, are well

defined and documented in the inventory database.

Methodology

Assignment of Landslide Susceptibility Values
for Controlling Factors

Landslide susceptibility values for each layer were

normalized varying from 0 to 1. Higher values indicate higher

susceptibility to landslides. For example, pixels whose values

were close to 1 had higher potential to induce landslides. For

slope and elevation that have continuous values, fuzzy mem-

bership functions are applied (Pourghasemi et al. 2012). For

discrete values such as soil texture type and land cover type,

values from 0 to 1 were assigned to each pixel based on their

physical characteristics.

For Elevation
When considering the relationship between elevation and

landslides, several studies show that the higher the elevation,

the more it is susceptible to landslides (Hong et al. 2007).

However, this may not be true in Oklahoma. According to

the DEM data (Fig. 2a), the western part of Oklahoma has

higher elevation (near 1,200–1,500 m). However, almost no

landslide events occurred in this region, which indicates that

elevation is not a decisive factor. Considering this, elevation

is given much less weight in this study.

For Slope
In terms of the relationship between landslides and slope,

Bathrellos et al. (2009) found that steep slopes (>30�) had
the maximum frequency of landslides, followed by moder-

ately steep slope (20–30�). Gemitzi et al. (2011) also pointed

out that maximum frequency was reached in the 35–40�

category, followed by a decrease in the >40� category.

Based on these previous studies, 30–40� is selected as the

most susceptible slope to landslides. Susceptibility values to

other slopes will be reclassified using the following condi-

tion statement:

yk i; j; tð Þ ¼

slope i; j; tð Þ
30

slope i; j; tð Þ < 30

1 30 � slope i; j; tð Þ � 40
90� slope i; j; tð Þ

90� 40
slope i; j; tð Þ > 40

8
>>>>><

>>>>>:

where yk(i,j,t) is the value at pixel location (i,j) at time t for

kth factor.

For Land Cover
As suggested by Larsen and Torres-Sanchez (1998), land-

slide vulnerability of different land covers can be defined

ranging from 0 to 1 according to the degree of potential to

cause erosion. In Hong et al. (2006), numerical values were

assigned to different land cover types using MODIS land

cover classification map. Even though the land cover classi-

fication schemes were different between MODIS and

ETM+ images, we can reclassify the NLCD map based on

the similarities of these two maps (Table 1).

For Soil Type
The effects of soil on landslide occurrence have been well

documented by Dai and Lee (2002) and Lee and Min (2001).

Godt et al. (2009) found that a combination of low soil

cohesion and a low internal friction angle will greatly

increase the probability of landslide occurrence. Thus, silty

clay loam is the most vulnerable to landslides. However,

according to the field survey, most of the landslides in

Oklahoma occurred in clay dominated locations. This is

because clay soil has higher water holding capacity, which

increases the soil mass and causes more landslides compared

to other types of soil. Therefore, clay soil was given a higher

weight. In addition, drainage capacity should be considered

when assigning values to each soil texture type. Poor drain-

age increases the downward weight of soil by holding

more water than it releases. For example, sands have low

landslide susceptibility because of a high drainage capacity.

Table 2 shows different weight values for different soil

texture types.
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GIS-based Weighted Linear Combination Method
A series of thematic maps were created, using the GIS

overlay concept of weighted linear combination (WLC).

WLC is a method where landslide controlling factors can

be combined by applying primary- and second-level weights

(Ayalew et al. 2004). In this study, the WLC method was

performed to derive the landslide susceptibility values, as

shown in the following Equation:

Z i; j; tð Þ ¼
Xn

k¼1

wkyk i; j; tð Þ

where Z(i,j,t) is the landslide susceptibility value for pixel

(i,j) at time t. wk is the normalized linear combination weight

for kth factor and
Xn

k¼1

wk ¼ 1.

According to previous studies (Ayalew et al. 2004; Hong

et al. 2007), slope and soil texture type are primary-level

parameters, while land cover type and elevation are second-

level parameters. Therefore, numerical values to assign the

weights for these four parameters decrease in the following

order: slope, soil type, land cover and elevation. Following

this rule, several WLC susceptibility models were tested to

determine the optimal combination of weights through the

verification of existing landslide inventory data. Results

indicate that the best combination to determine the weight

of the four parameters (slope, soil type, land cover and

elevation) is (0.5, 0.25, 0.15 and 0.1). Susceptibility values

can therefore be calculated for every pixel.

Results and Discussion

A susceptibility map with discrete values would be more

direct and useful to indicate the degree of landslide failure

for decision making and hazard prevention strategies. This

study adopted the natural break method in ArcGIS 10.0 to

classify the susceptibility level into five categories: very

low, low, medium, high and very high. This method searches

the category boundaries at abrupt changes in histogram of

the landslide susceptibility values (Sarkar and Kanungo

2004). Fig. 3 shows the landslide susceptibility map of

Oklahoma generated from the WLC model with a resolution

of 30 m. The highest risk area is at the southeast corner of

this state. This region has greater slope and higher clay

percentage. The northeast part also has higher potential to

induce landslides. Although the soil type (silt loam) does not

have high clay percentage, this area does have greater slope,

which dominates the final susceptibility values. In contrast,

the north western and south western parts of Oklahoma have

mild slopes but higher clay fraction in soil types (silt clay

and clay loam). This second important factor (soil type)

takes a much more important role in the determination of

the susceptibility level in these regions.

Histograms are further examined according to the suscep-

tibility map and landslide inventory database (from ODOT

and USGS) (Fig. 4) to quantitatively evaluate the perfor-

mance of WLC method. Statistics show that 89.5 % (17 out

of 19) of ODOT and 69.8 % (60 out of 86) of USGS

landslide events fall into the high or very high category,

which demonstrates the ability of GIS-based WLC model

in predicting landslide hotspots. Other sites in low and

medium categories are further investigated using the input

datasets. Results show that slope is the main factor that

contributes to this result. For all these sites, the slope values

range from 3� to 8.5�, leading the very low rating in slope

layer.

Summary and Future Work

In this paper, a new landslide risk map with 30 m resolution

in Oklahoma is generated. Four controlling factors (slope,

soil type, land cover and elevation) are selected as the input

Table 1 Numerical values assigned to different land cover types

Category Land cover type Value

1 Open water 0

2 Developed, Open space 1.0

3 Developed, Low intensity 1.0

4 Developed, Medium intensity 0.7

5 Developed, High intensity 0.7

6 Barren land 0.9

7 Deciduous forest 0.2

8 Evergreen forest 0.1

9 Mixed forest 0.3

10 Shrub/Scrub 0.4

11 Grassland/Herbaceous 0.5

12 Pasture/Hay 0.6

13 Cultivated crops 0.7

14 Woody wetlands 0.1

15 Emergent herbaceous wetlands 0.1

Table 2 Numerical values assigned to different soil texture types

Category Soil texture type Value

1 Sand 0.2

2 Loamy sand 0.4

3 Sandy loam 0.8

4 Silt loam 0.6

5 Loam 0.6

6 Silt clay loam 0.8

7 Clay loam 0.8

8 Silt clay 0.2

9 Clay 1.0

10 Water 0
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of the GIS-based weighted linear combination (WLC)

model. A regional landslide susceptibility and hazard index

map has been validated and enhanced with existing survey

data and the landslide inventory database. Results indicate

that the whole state can be divided into five levels of suscep-

tibility, namely very low (7.80 %), low (38.32 %), medium

(45.15 %), high (8.09 %) and very high (0.64 %). Generally

speaking, more than 80 % of Oklahoma are classified as

having a low or moderate susceptible level to landslides.

This is reasonable since Oklahoma is flat overall. The

highest risk for landslides is located in the south eastern

mountainous area. The other two high-risk areas in eastern

Oklahoma match the historic landslide hazard map well.

Regarding the high plateau elevations in the western part

of Oklahoma, our model also indicates high potential of

landslide failure, which is solely based on the elevation.

However, this may not be true since this part of state is

very flat as can be seen from Fig. 2b.

There still remain some limitations in this research, which

merit further consideration. First of all, the best combination

of weights for the current controlling factors is determined

with comparison to the limited landslide inventory database

from ODOT and USGS (in total 105 events). Larger datasets

need to be collected, which has the potential to improve

current results as well as to make them more reliable. In

addition, more geologic, hydrologic and geomorphologic

controlling factors should be considered, such as lithology,

drainage density, accumulation, flow direction (sliding

path), infiltration, slope aspect, curvature, concavity and so

on. If possible, site specific, localized properties at focused

areas should be measured. They will be invaluable for the

development of future real-time monitoring and prediction

system in these landslide hot spots.
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InSAR-Based Landslide Location and Monitoring
in Alpine Valley Region

Guijie Wang, Yueping Yin, Mowen Xie, and Weilun Wu

Abstract

Synthetic Aputure Radar Interferometry (InSAR) has become an important technique for

monitoring ground movement and it has the advantage that other method cannot compare

on the wide area dynamic investigation and monitoring. Thus, InSAR technology has been

widely used in the investigation of geologic hazards, such as subsidence, landslide,

earthquake, and volcanic activity. But, it is still in the research and practice application

stage for the landslide investigation and monitoring of InSAR technology in the complex

terrain area. In this paper, based on the rationale and algorithms of InSAR technology,

combined with the topography and landform characteristic of landslide disasters, the

ground local incidence angle of each point is derived by the geometric model which is

established by the satellite Line-of-sight inclination, the slope and aspect of the ground

point. And then, the reliable interference areas are determined by the relationship analysis

among the local incidence angle, the backward scattering and the coherence of InSAR.

Finally, the application example is achieved by using L-band Synthetic Aperture Radar

data of the Advanced Land Observing Satellite, potentially moving landslide areas and

landslide hazard areas are located, at the same time, the monitoring results of the typical

landslide are analyzed in detail.

Keywords

Landslide � InSAR � Local incidence angle � Location � Monitoring

Introduction

Landslide monitoring and early warning have become issues

of global concern. However, the conventional geodetic tech-

nique is highly inefficient for large-scale landslide monitor-

ing in vast areas (Yao and Mu 2008). With the development

of remote sensing, synthetic aperture radar interferometry

(InSAR), which enables the monitoring of very small ground

movements in continuous large areas, is a high-potential

solution to this problem. This technique has the following

advantages: high accuracy, high resolution, all-weather

adaptability, low cost, and coverage of inaccessible areas.

Accordingly, InSAR has been widely applied in the land-

slide hazard investigation for scientific research and risk

assessment (Wang 2011). But, the reliable interference
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ranges which loate in the Alpine Valley region still need to

be researched.

In this paper, InSAR-based landslide location and moni-

toring in Alpine Valley region are investigated. The

characterristic of topography and landform are analysed by

the slope and aspect, the ground local incidence angle of

each point is derived by the geometric model which is

established by the satellite Line-of-sight inclination, the

slope and aspect of the ground point . To further, the local

incidence angles are reclassifed. And then, the reliable inter-

ference areas are determined by the relationship among the

local incidence angle, the backward scattering and the coher-

ence of InSAR, at the same time, the regions of layover and

shadow are confirmed. Finally, the application example is

implenmented by using L-band Synthetic Aperture Radar

data of the Advanced Land Observing Satellite, the detailed

moving displacement maps of two time periods of 368 days

(12 July 2007 to 14 July 2008) and 92 days (12 January 2008

to 13 April 2008) are derived in reliable region, the poten-

tially moving landslide areas, as well as the landslide hazard

areas are located by the analysis and comparison of the two

differential periods. To prove the efficiency, L1R-6 land-

slide, which is in active state, is examined in detail, the

results are compared with those obtained via the high-

precision single-point GPS technique, and the same

deforming tendency is obtained.

Study Area and Available Data

Study Area

The study area is situated in Wudongde Hydropower Reser-

voir at the junction of Luquan County in Yunnan Province

and Huidong County in Sichuan Province, China. The basin

topography and geologic conditions of Wudongde Hydro-

power Reservoir are unique and complex. The rise in the

water level can lead to adverse changes in the geologic and

artificial environment, which may result in the occurrence of

all scales of landslides on the slope surrounding. Therefore,

it is critical and essential for the InSAR monitoring of

landslides around the reservoir area.

The study field is shown in Fig. 1. The entire area and the

topography surrounding Wudongde reservoir are studied,

and one of the landslides, the L1R-6 landslide, is discussed

in detail.

Available Data

Five PALSAR acquisitions of the ALOS with a wavelength

of 0.23 m (L band) have been applied and their orbital model

was ascending and the parameters are shown in Table 1.

The Reliable Regional Analysis of InSAR
Investigation

Local Incidence Angle and Its Regionalization

Local Incidence Angle is the intersection angle between the

incidence direction of radar electromagnetic wave and the

normal direction of slope, and it is determined by the Inci-

dence Angle and Azimuth Angle of the satellite as well as

the slope and aspect of the ground point (Xie et al. 2012).

The geometric sketch of the Local Incidence Angle is

shown in Fig. 2, where θ is the incidence angle of the

satellite; ∂ is the slope angle of the ground; θloc is the local
incidence angle; δ and ω are, respectively, the aspect angle

of the ground and the horizontal angles of LOS direction,

where they are clockwise rotational horizontal angles and

their zero direction is the north; Vs, Vn and Va are, respec-

tively, the vector of LOS direction, the vector of the surface

normal direction, and the combination vector of the Vs, Va.

Thus, ω is expressed as follows: under the right sight

condition, ω ¼ azimuthAngle + 90�; under the left sight

condition, ω ¼ azimuthAngle � 90�.
The right sight condition is as an example in Fig. 2.

The three-component of Vs are expressed as follows:

XVs ¼ Vs
!���

���� sin θ � cos 90� ωð Þ ð1Þ

YVs ¼ Vs
!���

���� sin θ � sin 90� ωð Þ ð2Þ

ZVs ¼ � Vs
!���

���� cos θ ð3Þ

The three-component of Vn are expressed as follows:

XVn ¼ Vn
!���

���� sin∂� cos 90� δð Þ ð4Þ

YVn ¼ Vn
!���

���� sin∂� sin 90� δð Þ ð5Þ

ZVn ¼ Vn
!���

���� cos∂ ð6Þ

Thus, the three-component of Va are expressed as

follows:

XVa ¼ XVn þ XVs ð7Þ

YVn ¼ YVn þ YVs ð8Þ

ZVa ¼ ZVn þ ZVs ð9Þ
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The based on cosine law:

V2
a ¼ V2

n þ V2
S � 2VnVS cos θloc ð10Þ

Thus,

θlos ¼ arccos cos∂� cos θ � sin∂� sin θ � cos ω� δð Þ½ �
ð11Þ

The ascending data of phased array-type L-band synthetic

aperture radar are used in this study. The incidence angle θ is
34.3�, the azimuth angle is 277�, ∂ and δ are obtained by the
spatial analysis of the DEM raster data.

According to (11), Local Incidence Angle of the each

point in the study area is obtained. As shown in Fig. 3, the

range of the Local Incidence Angle values is

�26.5787�–101.961� and the negative values correspond to

active layover areas, while values higher than 90� corre-

spond to active shadow areas.

As the each point value of Local Incidence Angle is

slightly different, the Local Incidence Angles are reclassified

for every 10� period as a group, the negative values and the

values higher than 90� are respectively divided into a group.

Therefore, the 11 angles groups are divided in the study area

as shown in Fig. 4.

Fig. 1 Entire study field

surrounding Wudongde

Hydropower Reservoir, marked

by green square frame in the

background and the detailed

information (zonation and GPS

point arrangement) of L1R

landslide is inserted in the lower

right

Table 1 Parameters of the available PALSAR data

Image

code Acquisition number Date

Polarization

mode

Time

span/day

Perpendicular

baseline/m

Doppler centroid

difference

2PI Ambiguity

height/m

S1 ALPSRP104820510 2008–01–12 FBS/HH 46 438.883 �14.652 131.471

S2 ALPSRP111530510 2008–02–27 FBS/HH

S1 ALPSRP104820510 2008–01–12 FBS/HH 92 813.466 �33.191 70.931

S3 ALPSRP118240510 2008–04–13 FBS/HH

S4 ALPSRP077980510 2007–07–12 FBD/HH 368 832.261 2.482 69.376

S5 ALPSRP131660510 2008–07–14 FBD/HH

North

Normal

x
Y

LO
S

¶

q

dw

locq

Z

Vn
Vs

Va

Fig. 2 Geometric sketch of the local incidence angle
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The Relationship Between the Local Incidence
Angle and the Backward Scattering

To acquire the relationship of the topography and backward

scattering element, the backward scattering average value of

the every scene data are counted up according to the

reclassify region of the Local Incidence Angle. The regional

statistical averages of the backward scattering coefficient are

listed in Table 2 and the specific trend diagram is shown in

Fig. 5.

That indicate that the backward scattering coefficients are

reducing with the increasing of the Local Incidence Angle

and the gradient changes are slowing down after 50�–60�,
the backward scattering values of the layover areas are the

biggest and the backward scattering values of the shadow

areas are the smallest.

The Relationship Between the Local Incidence
Angle and the Coherence

In order to investigate the relationship that is the coherence

of InSAR image pair and local incidence angle, the coher-

ence coefficients of S1S3 image pair and S1S3 image pair are

computed. The regional statistical averages of the coherence

coefficients are counted on the reclassify of local incidence

angle in Table 3 and the specific trend diagram is shown in

Fig. 6.

That indicate that the coherence coefficients averages are

increasing with the increasing of the Local Incidence Angle

at first and they are reaching to the largest in the 50�–60�

range. And then, the coherence coefficients are reducing

with the increasing of the Local Incidence Angle. But the

coherence coefficients averages of the layover area are the

smallest and the coherence coefficients averages of the

shadow area are the smaller.

The conclusion is drawn that the coherence of the layover

and the shadow area is lower than other area.

The Credible Region Analysis

According to the relationship of the local incidence angle

and the bachward scattering in Table 2 and Fig. 5 as well as

the relationship of local incidence angle and coheren in

Table 3 and Fig. 6, the conclusion can be drawn that the

optimal range of local incidence angle is 50�–60� for InSAR
applying in mountain and it is relatively reliable to 1�–90�

range of local incidence angle for InSAR technology, but the

Interferometric result of the layover and the shadow area are

incredible for Low coherence. The distribution of credible

region in Fig. 7, the red regions for the layover and the

shadow are incredible region, the gray region for the

1�–90� range of the local incidence angle are credible inter-
ferometric regions.

Fig. 3 Distribution map of the local incidence angle

Fig. 4 Reclassify graph of the local incidence angle
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Table 2 The correlation table of local incidence angle and backward scattering coefficient

Angle range (degree) S1 (20080112) S2 (20080227) S3 (20080413) S4 (20070712) S5 (20080714)

<0 0.4068 0.4318 0.3978 0.4981 0.4415

0–10 0.2428 0.2516 0.2251 0.3162 0.2653

10–20 0.1946 0.2008 0.1782 0.3064 0.2602

20–30 0.1665 0.1697 0.1495 0.2918 0.2400

30–40 0.1369 0.1396 0.1234 0.2443 0.2039

40–50 0.0904 0.0920 0.0825 0.1539 0.1298

50–60 0.0694 0.0704 0.0646 0.1021 0.0891

60–70 0.0551 0.0561 0.0529 0.0670 0.0618

70–80 0.0433 0.0447 0.0424 0.0499 0.0449

80–90 0.0304 0.0319 0.0300 0.0354 0.0309

90< 0.0234 0.0247 0.0233 0.0263 0.0243

0

0.1

0.2

0.3

0.4

0.5

0.6

20080112BC

20080227BC

20080413BC

20070712BC

20080714BC

Fig. 5 The trend diagram of the local incidence angle and Backward

Scattering coefficient

Table 3 The correlation table of local incidence angle and coherence

coefficient

Angle range

(degree)

S1and S3 (20080112

and 20080413)

S4and S5 (20070712

and 20080714)

<0 0.4068 0.4318

0–10 0.2428 0.2516

10–20 0.1946 0.2008

20–30 0.1665 0.1697

30–40 0.1369 0.1396

40–50 0.0904 0.0920

50–60 0.0694 0.0704

60–70 0.0551 0.0561

70–80 0.0433 0.0447

80–90 0.0304 0.0319

90< 0.0234 0.0247

Fig. 6 The trend diagram of local incidence angle and coherence

coefficient

Fig. 7 The distribution map of credible region
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The Result of Landslide Monitoring
and Precision Analysis

The Results of Landslide Location
and Monitoring Incredible Region

The displacement map, which contains the detailed moving

displacement information of the credible region in the two

time periods, are obtained and then converted into vertical

displacement (VD) and horizontal displacement (HD) maps,

the HD value is proportional to the VD value because of the

same line of sight projection reasons, as shown in Fig. 8

(Wang et al. 2013).

As the landslide movement is always accompanied by

subsidence motion, the subsidence area is investigated in the

credible area. The rule of signs is given such that in VD

maps, the plus sign indicates subsidence, whereas the minus

sign indicates uplift; in HD maps, the HD is projected in the

north–south direction, and the plus sign indicates a south-

ward movement, whereas the minus sign indicates a

northward movement. From Fig. 8, the deformation states

of the various points can be clearly identified in the credible

region. The precision of the displacement value obtained via

D-InSAR is half of the wavelength (Wang et al. 2010), and

the wavelength of the L band employed by PALSAR data is

0.23 m. Considering the effect of all possible errors, the

moving areas with VD > 0.200 m (HD > 0.774 m) are

evaluated as potentially moving landslide areas and land-

slide hazard areas, which are marked by a blue polygon

(Fig. 8a, b) and a purple polygon (Fig. 8c, d) in the displace-

ment maps. The red polygons are used to mark the landslides

that have occurred or that are in a moving state through

ground monitoring.

In the displacement maps of the credible region (Fig. 8),

the VD values of the majority uplift area are less than

0.200 m; thus, the uplift displacements of the two time

periods are considerably caused by errors. For the subsi-

dence area, the maximum VD value is 0.253 m in the 92-

day (12 January 2008 to 13 April 2008) displacement map

(Fig. 8a) and 0.956 m in the 368-day (12 July 2007 to 14 July

2008) displacement map (Fig. 8c).

Fig. 8 The displacement state map of the study area in the two time periods. (a) Map of VD in 92 days; (b) Map of HD in 92 days; (c) Map of VD

in 368 days; (d) Map of HD in 368 days
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As previously mentioned, the areas with VD > 0.200 m

(HD > 0.774 m), which is marked by a blue polygon in

Fig. 8a, b of the 92-day displacement map and by a purple

polygon in Fig. 8c, d of the 368-day displacement map, are

respectively identified as potentially moving landslide areas

and landslide hazard areas. The two potential landslide areas

in the 92-day period are labeled (blue polygon) in Fig. 8a, b,

as well in the 368-day displacement map in Fig. 8c, d, for a

clearer comparison. However, the displacement values of the

two areas are relatively small in the 368-day displacement

map, which indicates that the large displacement of the two

areas in the 92-day displacement map can be attributed to

seasonal material flow rather than to a potential landslide.

This finding is supported by optical images, which demon-

strate that these two areas are located at the entrance and at

the central catchment area of a large-scale debris flow gully

near Wudongde Hydropower Reservoir. Therefore, a possi-

ble reason for the displacement variation in these two

regions in the 92-day period is that the flowing gully material

which is induced by migrating rainwater. Furthermore, in the

368-day displacement map (Fig. 8c, d), the purple polygon

in the large deformation area is confirmed as the collective

area of several large-scale debris flows and of three active

landslides (L6R-5, L9R-4, and L10R-3). These areas, which

are marked by a purple polygon, should be regarded as

important research and control areas.

Compared with the D-InSAR results with ground mea-

surement in Fig. 8, almost all landslides measured via

ground monitoring (marked by red polygons) are located in

the subsided areas (shown by green background), particu-

larly right in the large-subsidence areas with VD > 0.200 m

(marked by purple polygons) of Fig. 8c, d. Thus, the com-

parison shows that the D-InSAR monitoring results are con-

sistent with ground measurements.

Precision Analysis

To further verify the precision of the D-InSAR technique for

landslide location and monitoring in Alpine Valley, the

deformation evolution of the active L1R-6 landslide in the

credible region is investigated in detail. The displacement

maps of the L1R-6 landslide obtained via D-InSAR moni-

toring in the two periods are shown in Fig. 9, and the

Fig. 9 The displacement state map of the L1R-6 landslide in the two time periods (m). (a) Map of VD in 92 days; (b) Map of HD in 92 days;

(c) Map of VD in 368 days; (d) Map of VD in 368 days
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displacement value of each point is presented. Considering

that the data on the displacement value are enormous, graded

maps are employed to present the three displacement

intervals in three colors (yellow, blue, and red) in Fig. 9.

Thus, the moving displacement of the different regions can

be clearly identified by using the displacement map. In

Fig. 9, the L1R-6 landslide area is divided into four zones,

I, II, III, and IV. In the 92-day displacement map (Fig. 9a, b),

the displacement values are smaller in zones I and IV (VD

< 0.100 m, HD < 0.387 m), whereas the values in regions

of zones II and III are bigger (VH ¼ 0.100 m to 0.133 m,

HD ¼ 0.387 m to 0.514 m). In the 368-day displacement

map (Fig. 9c, d), the displacement values are larger (VD

> 0.200 m, HD > 0.774 m) in a region of zone II and a

small region of zone IV, whereas those in the other two

zones are smaller (VD < 0.200 m, HD < 0.774 m).

To summarize, the results of the two periods show that

the displacement of zone II is the biggest and that zone

II must be regarded as a key disaster area for further investi-

gation. The displacement of the other zones is relatively

smaller. It should be noted that the 92-day displacement

values in zone III are relatively high. However, the values

are smaller than 0.200 m, which indicates that the result is

considerably affected by errors and that focusing on moni-

toring zone III is unnecessary. Therefore, the results

obtained via D-InSAR are generally consistent with those

obtained via ground monitoring, which shows the occur-

rence of large displacements in zone II compared with

those in other zones.

To test the single-point monitoring precision of the

D-InSAR technique, the monitoring displacement values of

the GPS monitoring points (green dots with black serial

Table 4 Comparison of D-InSAR and GPS results

Zone Point

D-InSAR

(92 days)

(VD/mm)

GPS (92

days)

(VD/mm)

D-InSAR

(92 days)

(HD/mm)

GPS (92

days)

(HD/mm)

D-InSAR

(368 days)

(VD/mm)

GPS (368

days) (VD/

mm)

D-InSAR

(368 days)

(HD/mm)

GPS (368

days) (HD/

mm)

I AL01D 54.42 7.57 210.51 13.00 158.52 32.89 616.17 32.36

AL02D 73.96 2.50 285.98 3.50 130.62 2.61 507.7 1.75

AL03D 73.30 1.53 283.46 4.37 – 1.03 – 2.66

TP44 72.603 �0.12 278.65 4.59 – �5.36 – 3.39

TP45 53.41 5.87 206.54 8.76 141.97 21.29 551.96 27.2

II TP01 – 3.98 – 1.57 126.74 10.83 492.66 27.95

TP02 – 2.78 – 0.41 110.69 12.99 430.25 15.27

TP03 71.82 2.52 277.79 3.07 166.73 12.08 648.05 �0.55

TP04 78.65 30.75 304.25 24.78 132.44 141.72 514.93 188.51

TP05 71.39 13.19 276.13 22.74 – 66.54 – 32.54

TP06 90.42 42.02 349.71 53.24 295.25 204.92 1,147.76 282.33

TP07 90.98 30.05 351.90 42.25 244.24 168.3 949.55 343.99

TP08 105.34 38.61 407.44 56.96 – 178.75 – 265.27

TP09 112.92 40.03 436.74 62.34 – 222.74 – 261.2

TP10 103.10 29.77 398.87 48.02 176.63 171.44 686.67 269.19

TP11 123.71 38.35 478.62 68.56 102.46 206.4 338.3 260.14

TP12 81.63 15.82 315.66 20.45 108.9 60.78 423.28 39.95

TP13 81.99 13.11 317.14 22.19 – 91.08 – 85.94

TP14 83.63 42.03 323.53 43.59 261.81 220.1 1,018.02 286.95

TP15 120.12 5.74 464.68 1.99 131.46 �3.27 511.18 2.51

AL02C 88.01 22.62 340.36 49.87 205.37 141.4 798.26 203.31

AL03C 85.26 26.52 329.79 39.88 – 123.28 – 131.80

III AL01A – 0.45 – �1.26 123.95 �9.08 482.34 �0.98

AL02A 119.38 �1.15 462.11 �1.27 131.98 �2.09 513.45 �1.93

AL03A 126.04 �0.70 487.99 �5.31 – �2.58 – �1.76

AL02B – 4.55 – �0.51 – 6.28 – �1.86

AL03B 108.93 3.16 421.62 �1.19 – 3.43 – �2.45

TN10 102.28 3.15 395.81 �1.70 121.57 2.25 472.91 0.36

TN11 115.91 1.05 448.67 �10.45 123.51 �5.34 480.63 �2.25

IV AL01B 89.30 3.96 345.59 1.39 – 5.55 – 2.31

AL01C 83.50 5.32 323.17 �5.02 – 5.60 – 1.72

“–”means that the data are not available
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numbers on the No. L1R-6 landslide in Fig. 9) obtained via

D-InSAR are compared with the GPS investigation results.

Compared with the 92-day (12 January 2008 to 13 April

2008) D-InSAR result, the GPS investigation period is from

11 January 2008 to 19 April 2008 for zone II and from 12

January 2008 to 18 April 2008 for zones I, III, and IV;

Compared with the 368-day (12 July 2007 to 14 July 2008)

D-InSAR result, the GPS investigation period is from 23

June 2007 to 15 July 2008 for zone II and from 28 June 2007

to 14 July 2008 for zones I, III, and IV. The monitoring

results in the two time periods via D-InSAR and GPS are

listed in Table 4, and trend charts are compared in Fig. 10.

The comparison in Fig. 10 indicates that although the

single-point monitoring accuracy of D-InSAR is not perfect

and the displacement trend line is discrete because of

unavailable data at certain monitoring points, which is

induced by decorrelation, the overall displacement and the

moving tendency are basically in agreement with those of

GPS. Therefore, despite the slightly lower single-point mon-

itoring accuracy of the GPS technique, the D-InSAR tech-

nique is still an effective approach in landslide monitoring

because of its advantage over other methods in that it com-

petently covers a wide and continuous area of hundreds or

even thousands of kilometers (e.g., the width of the entire

scene in this study is 70 km) in Alpine Valley region.

Conclusion

In this paper, the InSAR technique is used to locate and to

monitor the landslides in Alpine Valley area located in

Wudongde Hydropower Reservoir of Jinsha River by

using five PALSAR data acquisitions. The characteristic

of topography and landform are analysed by the slope and

aspect, the ground local incidence angle of each point is

derived by the geometric model which is established by the

satellite Line-of-sight inclination, the slope and aspect.

And then, the reliable interference regions are determined.

Fig. 10 Comparison of D-InSAR and GPS trend charts (mm). (a) Comparison of 92-day VD trends; (b) Comparison of 92-day HD trends;

(c) Comparison of 368-day VD trends; (d) Comparison of 368-day HD trends
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Finally, the application example is implemented by using

L-band PALSAR data and the precision are verified by

compared with GPS results. The following conclusions can

be drawn:

1. the optimal range of local incidence angle is 50�–60�

for InSAR applying in Alpine Valley and it is rela-

tively reliable to 1�–90� range of local incidence angle
for InSAR technology, but the Interferometric result of

the layover and the shadow area are incredible for Low

coherence.

2. The potential landslide area can be identified by using

the InSAR technique in the Alpine Valley region.

3. The displacement tendencies of the InSAR and GPS

monitoring results are basically in agreement.

Therefore, with the development of remote sensing

technology and advanced earth-detection and digitization

techniques, the InSAR technique is expected to become

one of the most important approaches to the identification

and monitoring of early-stage landslides in wide Alpine

Valley region.
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Use of Satellite and Ground Based InSAR in
Hazard Classification of Unstable Rock Slopes

John F. Dehls, Tom Rune Lauknes, Reginald L. Hermanns, Halvor Bunkholt,
Tom Grydeland, Yngvar Larsen, Harald Ø. Eriksen, and Trond Eiken

Abstract

A newly developed hazard classification system for large unstable rock slopes depends on the

evaluation of a number of criteria. These criteria include both displacement rates and the

structural development of the unstable slope. Satellite and ground-based interferometric

radars have the potential to measure the displacement of active rockslides. By using several

complimentary InSAR datasets, with different viewing geometries, we are able to assess both

movement criteria and a number of criteria related to structural development of the bounding

surfaces.

We have collected five years of high resolution satellite imagery using several viewing

geometries for the Gamanjunni 3 rockslide in northern Norway. In addition, we have

collected radar using a ground-based radar. The results show a clearly defined block moving

as a wedge. However, the decrease in movement velocity and steepness towards the lower

part of the slope, along with the lack of visible basal structures, indicates that rock creep acts

at the base of the slide body.

Keywords

InSAR � Hazard � Satellite

Introduction

Catastrophic failure of large rock slopes in Norway has

occurred several times in the last century, leading to large

loss of life. The Geological Survey of Norway (NGU), under

the direction of the Norwegian Water and Energy Directorate

(NVE), carries out systematic geological mapping of poten-

tially unstable rock slopes that may fail catastrophically. The

large mountainous land area of Norway necessitates a system-

atic mapping approach. Once a potential unstable slope is

identified, a hazard and risk classification is performed in

order to prioritize potential mitigation measures, such as peri-

odic or permanent monitoring.

NGU, together with a group of international experts, has

developed a systematic hazard classification system for large

unstable rock slopes for use in Norway (Hermanns et al. 2012).

The hazard analysis is based upon two sets of criteria. The first

set involves site investigations, including structural mapping

and kinematic analysis. These criteria include the development

of bounding surfaces. The second set involves assessment of

the current activity level of the slope. This includes evidence

of historic or prehistoric events in the area, observations of

current rockfall activity, and measurements of current velocity

and possible acceleration. These last parameters have histori-

cally been provided by periodic GNSS surveys. However, this
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is a very resource intensive method that provides at most one

measurement per year on a sparse network of observation

points. Increasingly, we have been using first satellite based,

and now ground based InSAR measurements to determine

deformation rates on a dense network of points.

Study Area

The Lyngen region in Troms County has an unusually high

density of large unstable rock slopes (Henderson et al. 2011;

Osmundsen et al. 2009). These unstable rock slopes are

located in glacially steepened or over-steepened valleys and

fjord sides. In this study, we take the example of an unstable

rock slope referred to as “Gamanjunni 3”.
The Gamanjunni 3 unstable area consists of a large block,

approximately 150 by 160 m, that has been displaced approx-

imately 100 m towards the valley floor. Despite considerable

internal fracturing, the upper part has moved together as a

cohesive volume. The lower part of the unstable block is

highly fractured.

Methods

In 2011, two GNSS benchmarks were installed on the upper

block as well as another benchmark in the stable area above.

This network was connected to another network on a nearby

unstable slope to increase accuracy on both networks.

Repeat surveys were carried out in 2012 and 2013. A robust

linear regression is usually applied to a time series of dGNSS

data to determine yearly average displacement rates (Böhme

et al. 2013). Since we only have three measurements so far,

this is not yet possible. However the displacements in the

two periods are very similar, with both vertical and horizon-

tal velocities of 3–4 cm/year.

We have been acquiring TerraSAR-X stripmap data in

both ascending and descending geometries over the Lyngen

area since 2009. This radar operates at X-band (9.6 GHz).

The satellite has a repeat cycle of 11 days. In addition, we

have been acquiring Radarsat-2 data in both Fine mode and

Ultrafine mode during the same period. This radar operates

at C-band (5.4 GHz), and has a repeat cycle of 24 days. For

both satellites, we collected images during each snow-free

season. We have process each dataset using both short base-

line (SBAS) and persistent scatterer (PSI) algorithms,

implemented in the GSAR software package developed by

Norut (Larsen et al. 2006).

During six weeks in July and August 2012, we observed

the Gamanjunni 3 rockslide using the GPRI radar developed

by Gamma Remote Sensing AG. This instrument operates at

Ku-band (17.2 GHz) and has measurement sensitivity better

than 1 mm. The radar data were acquired with a temporal

sampling as often as every three minutes. Since the instrument

was mounted in the valley below the unstable slope, it has a

different field of view than the satellites. The shorter wave-

length provides a higher sensitivity to motion than the X- and

C-band satellites, and the frequent observation interval allows

us to measure changes in the velocity during the campaign.

InSAR only provides a measurement of the deformation

along the line-of-sight (LOS) between the satellite and the

ground, so it cannot measure the absolute deformation magni-

tude or direction from a single dataset. By using InSAR data

from both ascending and descending orbits, as well as the

ground based system, we can calculate the horizontal and

vertical components and measure changes in the movement

direction within the moving area. This is important in

assessing the likelihood of proposed deformation

mechanisms.

Results

Results from all satellite datasets show a clearly defined area

of movement (Fig. 1), constrained by a back scarp, side

fractures and a toe area. The average velocity is on the order

of 5 cm/year. This is consistent with the results from the

dGNSS measurements, that show that the upper block has a

horizontal component of movement of about 4 cm/year. The

lower part of the slide contains a fast moving lobate shaped

landform, visible in the high velocity area in (Fig. 1b). It has

the characteristics of a rock glacier with steep front and a

rough surface with large blocks floating on top.

The most obvious hazard criteria that the InSAR results

can be used in defining are the displacement rate and possible

changes in displacement rate over time. We have now estab-

lish the average velocity over the last 5 years. Satellite InSAR

measurements will be continued long into the future, allowing

us to recognise any future acceleration. In addition to dis-

placement, however, there are a number of other criteria that

are also much easier to define with the help of InSAR. The

presence of both a back scarp and lateral release surfaces are

clearly indicated in the velocity maps. While these structures

can usually be identified in the field, it is not always clear

whether or not such planar surfaces are fully developed,

allowing movement.

The presence of a basal rupture surface is a necessary

criterion for eventual failure. In this case, there is no morpho-

logical expression of a rupture surface in the field. The InSAR

data clearly defines an area that is moving and a stable area,

but the lower boundary is not as clear as for the lateral

surfaces.

By combining InSAR data from three different orientations,

we can determine the direction of movement and variations in

the direction of movement throughout the surface of the slid-

ing mass. This in turn allows us to infer something about the
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sliding mechanism. We have determined that the velocity

decreases from the upper block through the fractured area in

the toe. In addition, the movement direction becomes

shallower near the toe. These observations indicate that we

have a clear block slide that develops on an underlying sliding

surface and lateral release surfaces, forming a wedge. None of

those structures daylights at the slope, and neither does the

intersection line. This structural condition makes it necessary

that rock creep acts at the base of the slide body. A steady

decrease of the velocity from about 5 cm/year to about 2 cm/

year in the lower part of the instability supports this

interpretation.

Discussion

Satellite-based InSAR has proven invaluable for regional

landslide mapping and has led to the discovery of numerous

large unstable rock slopes in Norway. In this study, we

show how high resolution ground-based and satellite-

based InSAR can also play an important role in hazard

classification. Although field mapping of structures still

remains a very important part of the process, it is not

always possible to determine whether or not structures

that are identified actually allow movement. dGNSS

surveys allow us to determine whether or not a potentially

unstable slope is actually moving. However, it is an expen-

sive and time consuming technique that only provides

information on a limited number of points. By using

InSAR we are able to obtain tens of thousands of

measurements, and delineate areas of movement. This in

turn gives us more information about the structures

bounding the unstable area. The combination of several

look directions gives us the added benefit of being able to

determine the actual movement direction for many of these

points, potentially giving us further insight into the kine-

matics. In the case of the Gamanjunni 3 rockslide, it is clear

that although there is significant annual displacement, the

Fig. 1 Gamanjunni 3 rockslide. (a) Area of the rockslide; (b) GPRI

data from 21-day interferogram. Red is towards radar. Blue is away

from radar; (c) Mean descending TerraSAR-X data (2009–2012). Red

is away from radar. Blue is towards radar; (d) Mean descending

TerraSAR-X data (2009–2012) Purple is away from radar. Blue is

towards radar
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basal rupture surface necessary for catastrophic failure has

not yet developed.
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Part IV

Hazard Mapping



Introduction: Hazard Mapping

Rex L. Baum, Toyohiko Miyagi, Saro Lee, and Oleksandr M. Trofymchuk

Abstract

Twenty papers were accepted into the session on landslide hazard mapping for oral

presentation. The papers presented susceptibility and hazard analysis based on approaches

ranging from field-based assessments to statistically based models to assessments that

combined hydromechanical and probabilistic components. Many of the studies have taken

advantage of increasing availability of remotely sensed data and nearly all relied on

Geographic Information Systems to organize and analyze spatial data. The studies used a

range of methods for assessing performance and validating hazard and susceptibility

models. A few of the studies presented in this session also included some element of

landslide risk assessment. This collection of papers clearly demonstrates that a wide range

of approaches can lead to useful assessments of landslide susceptibility and hazard.

Keywords

Landslide hazard assessment � Geographic information systems � Landslide susceptibility
maps � Remote sensing

Introduction

Landslide hazard mapping is an essential tool for developing

mitigation strategies at local, regional, national, and global

scales. The term hazard map has been applied to products

ranging from landslide susceptibility maps to maps that

indicate the probability of landslides. Determining and

mapping landslide probability has proven to be challenging

due to scarcity of historical landslide data in many areas

as well as philosophical questions about how such maps

are to be validated against landslide inventory data, which

often contain subjective uncertainties. Papers in this session

(20 in total) addressed the session objectives to survey

the range of methods and approaches currently in use for

(1) assessing landslide susceptibility and probability and

(2) for evaluating the assessments.

About one quarter of the papers presented landslide haz-

ard or susceptibility mapping approaches based on determin-

istic methods but the majority presented approaches based

on statistical or other approaches that compare landslide

locations to possible causative factors (slope, geology, land

use, and so on). These approaches include several variants

that assign weights to the different factors based on landslide

density (including a new approach based on the Poisson

distribution), one application of logistic regression analysis,

and two examples of machine learning techniques (Artificial

Neural Networks, Support Vector Machines). Several papers

used deterministic models based on limit-equilibrium slope

stability concepts to assess landslide susceptibility and two
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of them used Monte Carlo approaches to either improve

the performance of the deterministic model or to map

return periods of slope instability. Another paper used

a deterministic method to assess landslide susceptibility

followed by the use of statistical weighting to assign hazard

levels.

In addition to presenting a variety of methods, most studies

made use of widely available remotely-sensed data. Remote

sensing data used in the studies were both aerial and satellite

based. Remotely-sensed data provided high-resolution imag-

ery for mapping landslides, land cover, and land use as well as

high-resolution topography, and rainfall estimates.

Although most papers in this session present methods of

assessing landslide susceptibility or qualitative hazard, a few

explored methods for qualitatively assessing landslide risk.

These papers incorporated vulnerability into the analysis to

illustrate qualitative risk assessment methods for case stud-

ies in Algeria, Malaysia, and Japan.

Authors of papers in this session used a variety

of methods for evaluating model performance or accuracy

of the resulting hazard or susceptibility map. Many of

the papers used receiver operating characteristics (ROC)

methods for assessing model performance. A few others

assessed performance using success rate and prediction

rate curves or by simply comparing model predictions to

landslide density in the different hazard or susceptibility

zones using a random subset of landslide locations not

used in calibrating the model. In addition, a few papers

compared results of two or more methods to determine

which method gave the better prediction.
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Landslide Hazard Evaluation Using Artificial Neural
Networks and GIS

Alok Bhardwaj and G. Venkatachalam

Abstract

Lantau Island within the territory of Hong Kong has natural and undeveloped terrain

(Dai et al. 2001), along with intense and frequent rainfall. It is thus a suitable area for

preparation of a landslide susceptibility map of the area. The methods of using Landslide

Susceptibility Values (LSV) and artificial neural networks (ANN) were applied in the GIS

environment of ArcGIS 9.3 to prepare two landslide susceptibility maps of Lantau Island.

The application of LSV and GIS to produce a landslide susceptibility map included the

determination of LSV values of causative factors and calculation of a cumulative Landslide

Susceptibility Index (LSI) for each pixel which was used to decide zones susceptible to

landslides. The application of ANN required initially the preparation of input vectors from

causative factors and output vectors of landslide susceptible zones by taking the LSV-

produced map as the reference. The neural networks were trained and tested using the

Neural Network Toolbox in MATLAB. The best network was obtained and applied further

to predict the landslide susceptible zones for the whole study area and a landslide suscepti-

bility map was prepared. These maps were compared with each other and with the landslide

susceptibility map produced by Dai et al. (2001) using a logistic regression model. The

landslide susceptibility map produced by applying ANN predicted more landslide suscep-

tible regions with high and moderate susceptibility in the study area compared to the map

produced using LSV. However, for some regions of the study area the LSV method

performed better than the ANN method. Nevertheless, both methods produced quality

maps and the performance of ANN was satisfactory, even with a small training dataset.

Keywords

GIS � ANN � LSV � Landslides � Susceptibility

Introduction

Landslides are downward and outward movement of slope

materials such as rock debris and earth, under the influence

of gravity (NDMA 2009). They usually occur on steep

slopes, in weathered mountainous areas, often with highly

fractured rock masses.

To study the landslides of an area, various qualitative and

quantitative methods have been proposed in the literature

(Aleotti and Chowdury 1999). The qualitative approach

incorporates field analysis techniques and/or overlaying of

various index maps and applying conventional weight rating

systems to arrive at a hazard and/or susceptibility map of the

study area. The quantitative approach incorporates artificial

intelligence techniques such as artificial neural networks

(ANN) and fuzzy systems, statistical techniques and deter-

ministic or probabilistic geotechnical approaches.
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It may be argued that a highly random phenomenon like

landslides may not be amenable to rigorous quantification as

in artificial intelligence or other deterministic techniques.

On the other hand, subjective techniques depend on the

experience level of the investigator (Venkatachalam 2003).

In this study, an attempt is made to compare ANN and

Landslide Susceptibility Value (LSV) methods (Saha et al.

2002) by applying them to the study area of Lantau Island,

near Hong Kong. Furthermore, the two maps are compared

with a landslide susceptibility map produced by Dai et al.

(2001) by applying a step-wise logistic regression model to

the same study area.

Description of the Lantau Island Study Area

The study area is Lantau Island, situated in the south-western

part of Hong Kong, as shown in Fig. 1. Lantau Island has

been selected because data such as topographic maps, geo-

logy, vegetation and contour maps (refer Table 1) and the

spatial distribution of landslides (Wong et al. 1998) are

available. The rainfall is usually high due to the sub-tropical

and monsoonal climate of the study area. Also, the terrain of

the study area is steep (Dai et al. 2001). The elevations of the

rugged terrain reaches to more than 900 m, and more than

70 % of the study area has slope angles greater than 15�. The
geology mainly comprises volcanic rocks in the western part

and granite rocks in the north-eastern part of the study area.

The natural and undeveloped terrain of the island (Dai et al.

2001), along with intense and frequent rainfall, posed the

motivation for preparing a landslide susceptibility map of

the area. The Geotechnical Engineering Office (GEO), Hong

Kong, have published numerous reports over the past four

decades documenting the occurrence of landslides, their

causes, and possible solutions for the landslide hazard in

various parts of Hong Kong. The present study includes

information on the landslides that occurred during one parti-

cular rainstorm on November 4 and 5, 1993 (Dai et al. 2001;

Wong et al. 1998).

Data Sources

Research papers were studied to obtain thematic maps at a

scale 1:20,000 of the geology and vegetation and a contour

map of Lantau Island during the year of 1993, as shown in

Table 1. The maps of slope, aspect and elevation were

produced using the contour map of the study area in ArcGIS

9.3 (Bhardwaj 2013). The information on the number of

landslides that occurred in Lantau Island during November

1993 was obtained from Wong et al. (1998).

Preparation of Thematic Maps

Each topographic map (scale 1:20,000) of geology, vege-

tation and contours (refer Table 1) was geo-referenced in

ArcGIS 9.3 and subsequently digitized and stored in vector

format. While converting the vector to raster format, cell

size was kept at 50 m � 50 m. The geology raster map (see

Fig. 2) was produced with volcanics and granite as the two

major rock types in the area. The contour map, boundary

layer of Lantau Island and the elevation layer of prominent

locations in Lantau Island, all in vector format, were used to

generate a Triangulated Irregular_Network (TIN) surface of

the study area using ArcGIS 9.3 (Bhardwaj 2013). The

inbuilt function of converting TIN to a DEM in ArcGIS

9.3 was applied to obtain a DEM of the study area. The

elevation raster map (see Fig. 2) was obtained by catego-

rizing the DEM in 90 m intervals. The DEM was used to

obtain a slope raster map (see Fig. 2) with an interval of 100

and an aspect raster map (Fig. 2) with an interval of 45o

angles using inbuilt modules in ArcGIS 9.3. The vegetation

raster map (refer Fig. 2) was produced using four categories:

namely bareland, grassland, woodland and shrubs. Finally,

the five raster causative factor maps were prepared: namely

geology, elevation, slope, aspect and vegetation. All maps

are displayed with the distribution of landslides on Lantau

Island superimposed. Moreover, the actual area of Lantau

Island is 147.16 km2 (http://en.wikipedia.org/wiki/Lantau_

Island). The area calculated after georeferencing was

146.18 km2, giving an error of 0.67 %, which is negligible

(Bhardwaj 2013).

Fig. 1 Location map of Lantau Island (after Dai et al. 2001)
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LSV and GIS Methods Used to Derive
a Landslide Susceptibility Map

The Landslide Susceptibility Value (LSV) method (Saha

et al. 2002) is a subjective method that measures the relative

weights of causative factors in causing the landslides to

occur. This method not only manages data in a convenient

way but also there are no hidden rules involved while

processing the remote sensing data, as in artificial neural

networks.

Choice of Landslide Susceptibility Values

The subjectivity arises in deciding the LSV values (refer

Table 2) of causative factors, as it is based on the experience

of the investigator and therefore the range of LSV values

differ from one investigator to another.

The next step is the computation of a Landslide Suscepti-

bility Index (LSI). LSI is a measure of the relative impor-

tance of the sub-categories of a causative factor or a theme.

It apportions the LSV of a causative factor amongst its sub-

categories in proportion to the past occurrence of landslides.

For calculating the area of a sub-category on the ground,

information regarding the dimension of a pixel and a count

Table 1 Research papers used to obtain remote sensing data

Name of authors Name of research paper Data obtained

S.W.C Au 1998 Rain-induced slope instability in Hong Kong Geology

Dai et al. 2001 Assessment of landslide susceptibility on the natural terrain of Lantau Island, Hong Kong Contour map

Zhou et al. 2002 On the spatial relationship between landslides and causative factors Lantau Island, Hong Kong Vegetation
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Fig. 2 Landslide causative factor maps derived using GIS

Table 2 Landslide susceptibility values (LSV) of causative factors

Name of causative factor LSV

Slope 35

Vegetation 25

Elevation 20

Aspect 10

Geology 10

Total 100
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of pixels in that sub-category is required. Each pixel of the

study area is 50 m � 50 m, i.e., 0.0025 km2, and the num-

bers of pixels of each sub-category are obtained from the-

matic maps of causative factors derived using ArcGIS 9.3.

The product of the two quantities is calculated for each sub-

category. The number of landslides occurring in each sub-

category is also extracted using the thematic maps of causa-

tive factors with landslides superimposed. The queries were

written in a query builder in ArcGIS 9.3 to find pixels having

both landslides and a particular sub-category in a thematic

map. The ratio of landslides to area of each subcategory of

each causative factor is calculated. The division of land-

slides per area of a sub-category to the cumulative sum of

landslides per area of each sub-category of a causative factor

is calculated. The LSI is obtained by taking the product of

the last factor and corresponding LSV of the causative factor

(refer Eq. 1).

LSI ¼ Landslide=SqKmð Þ%� LSV

100
ð1Þ

ANN and GIS Methods for Deriving a Landslide
Susceptibility Map

Artificial Neural Network (ANN) is one of the artificial

intelligence techniques and is objective in nature (Arora

et al. 2004; Chauhan et al. 2010).

Inputs, Outputs and Training

The class identities were assigned to sub-categories of

causative factors and were stored in the attribute tables of

causative factor maps in ArcGIS 9.3. This information was

extracted in ASCII format from ArcGIS 9.3 and converted to

an EXCEL file format and stored in MATLAB. Programs

were developed in MATLAB (Bhardwaj 2013) such that the

same pixel from each causative factor map had information

about class identities of sub-categories in that pixel. This

resembles the overlaying operation in GIS wherein five

causative factor maps are overlaid and pixels of the resulting

layer consist of the same information corresponding to the

five factor maps.

The input layer of ANN consists of five neurons corres-

ponding to five causative factors, and the input data

consisting of class identities of sub-categories was fed into

ANN pixel-wise. The output layer of ANN has five neurons

corresponding to five levels of landslide susceptibility. For

each pixel in the input data, one neuron in the output layer is

given a value of 1 and the rest are given 0, depending on a

priori information on the landslide susceptible zone,

obtained from the LSV-based landslide susceptibility map.

Two hidden layers are considered in the ANN. The first

hidden layer consists of 7–17 neurons and the second hidden

layer consists of 7–18 neurons for each neuron of the first

hidden layer. The network diagram is shown in Fig. 3. The

network diagram depicts three layers. The first and second

layers are hidden layers and third layer is the output layer.

Each layer has W, which denotes weight on the connections,

and b denotes bias weight.

For training, two patches of dataset were considered from

the study area (Fig. 4). The first patch, designated as the left

patch, had 5115 pixels. 70 % of those pixels, i.e., 3581 pixels

were used for training, 15 % of the pixels, i.e., 767 pixels

each were considered for the purpose of validation and

testing. The data in these pixels were class identities of

sub-categories of causative factors. Similarly, the second

patch of dataset was designated as the right patch and had

the same proportion of pixels as in the left patch. The

parameters of the neural network were taken as 0.1 for

learning rate, 5000 for epochs, 0.01 for error goal and 0.9

for momentum factor. The MATLAB Neural Network tool

was used for training, validating and testing the data. The

logaritmic sigmoid function was used as a transfer function

in the two hidden layers and a gradient descent back-

propagation algorithm was used to train the networks.

Fig. 3 ANN network used for

training, testing and validation

Left patch

Right patch

Fig. 4 Dataset selected for ANN
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132 ANNs were trained on the left patch and tested on

right patch data and vice-versa (Bhardwaj 2013). However,

the networks trained on the left patch gave lower training,

validation and testing accuracies when tested on the right

patch. Finally, the network with a configuration of 5 � 9

� 14 � 5 was selected, which gave satisfactory accuracies

with both data sets, as shown in Table 3.

This network was used to predict landslide susceptible

zones for the whole of Lantau Island. The output data from

ANN was imported in ASCII format in ArcGIS 9.3 and was

converted to a landslide susceptibility map. In addition, the

accuracy of prediction of landslide susceptible zones was

evaluated.

Results

LSI is considered as a measure of instability of the slope.

The landslide susceptibility zones are based on the cumu-

lative LSI of all the pixels for the whole study area. Taking

LSI as a primary field in ArcGIS 9.3, the factor maps are

overlaid to obtain the landslide susceptibility map, as shown

in Fig. 5.

In the ANN method, the input data corresponding to the

whole study area was prepared in the form of class identities.

The output was predicted in the form of landslide susceptible

zones ranging from 1 to 5, from the input data using the best

network of 5 � 9 � 14 � 5 in MATLAB. The output data

was imported in ASCII format in ArcGIS 9.3 and was

converted to the landslide susceptibility map shown in

Fig. 6. Further, the accuracy of prediction of landslide sus-

ceptible zones by the ANN method was calculated as 60.5 %

(Bhardwaj 2013).

A total of 57527 pixels were predicted by the network to

be landslide susceptible zones. Out of this, 6736 were of

landslide susceptible zone 1, 11463 were of landslide sus-

ceptible zone 2, 9352 were of landslide susceptible zone 3,

4474 were of landslide susceptible zone 4 and 2778 were of

landslide susceptible zone 5. All these values were summed

and divided by 57527 to obtain the overall accuracy of

prediction as 60.5 %. The producer’s accuracy and user’s
accuracy for the landslide susceptible zones varies from

44.6 % to 84.1 % and 40.9 % to 69.6 %, respectively.

Discussion

In Fig. 7 , the three landslide susceptibility maps are com-

pared. The color scheme of the two derived maps in this

study is changed to meet the color scheme of the map found

in the literature (Dai et al. 2001).

Table 3 Best network shown with training validation and testing

accuracies

Network

Configuration

Right Patch (%) Left patch (%)

Tr Va Tt Tr Va Tt

5 � 9 � 14 � 5 70.9 72.5 72.4 62.6 63.8 60.2

Tr Training, Va Validation, Tt Testing

Fig. 5 Landslide Susceptibility map using LSV and GIS

Fig. 6 Landslide Susceptibility Map using ANN and GIS

Landslide Hazard Evaluation Using Artificial Neural Networks and GIS 401



Region 1 of the landslide susceptibility map derived by

Dai et al. (2001) shows that it is highly susceptible to

landslides, whereas it is shown as moderately susceptible

to landslides in both of the derived maps because of the low

density of landslides in the region.

Region 2 is very highly susceptible to landslides

according to Dai et al. (2001), whereas in both of the derived

maps it is highly and moderately susceptible to landslides

because of a medium density of landslides.

Region 3 is highly susceptible to landslides as shown by

Dai et al. (2001) because of the high density of landslides in

the region. This is correctly predicted by ANN.

Region 4 is highly susceptible to landslides as shown by

Dai et al. (2001) because of the high density of landslides in

the region. This is correctly predicted by LSV method, while

the ANN method predicts it as moderate.

The landslide susceptiblility maps derived using ANN

and LSV qualify to estimate the very high, high andmoderate

susceptible regions of Lantau Island when compared with

Dai et al. (2001).

Scope of Future Work

New methods such as Support Vector Machines could be

applied to arrive at more precise maps. The data used in the

present study was for 1993. Recently acquired remote sens-

ing data could yield better results, as the information will be

updated.

Conclusions

The landslide susceptibility maps derived using ANN and

LSV give better estimates of the very high, high and

moderate susceptible regions of Lantau Island when com-

pared with Dai et al. (2001). The ANN-derived map more

closely resembles the Dai et al. (2001) derived landslide

susceptibility map. ANN estimates more highly suscep-

tible regions when compared to the LSV-derived map.

However, in region 4, LSV performs better than ANN.

Also, the overall accuracy of prediction of landslide

susceptible zones calculated for the ANN-derived land-

slide susceptibility map was 60.5 % and was not high,

but still the results were satisfactory considering the small

training dataset.
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Landslide Susceptibility Mapping Using Remote
Sensing and GIS: Nueva Colombia, Chiapas, Mexico.

Ixtlitzin Bravo-Carvajal, Ricardo J. Garnica-Peña, Luis C. López-Bravo,
and Irasema Alcántara-Ayala

Abstract

In Mexico, landslides are one of the most important natural hazards as they cause consid-

erable human and economic losses. Such phenomena are recurring due to the physical

characteristics of the country, characterized by mountain ranges with steep slopes, diverse

geology and intensive seasonal rains. The physical environment coupled with the impact of

human activities, for example, deforestation and land use change, worsen the conditions of

the landscape increasing landslide susceptibility.

The village of Nueva Colombia, situated in the municipality of Angel Albino Corzo in

the state of Chiapas, is often affected by the occurrence of landslides. In 2005 and 2010,

rainfall triggered landslides seriously damaged crops, destroyed housing and disrupted the

main infrastructure.

Located in the southern sector of the state of Chiapas, the town is situated in the

mountainous part of the Sierra Madre del Sur. Tropical weather of the area involves a

strong rainy season, which combined with the mountainous conditions produces high level

of susceptibility to landsliding. This situation is of great importance due to the vulnerability

of the exposed population, particularly people of the village of Nueva Colombia.

A landslide inventory using SPOT images was used to generate a susceptibility map by

implementing the weights of evidence method. This process relied on remote sensing

techniques and geographic information systems (GIS). Preliminary results are presented

in this paper.

Keywords

Landslides � Remote sensing � GIS � Weight of evidence

Introduction

Landslides are one of the most important phenomena in the

generation of disasters. In Mexico there have been important

events because of significant human and economic losses.

Such phenomena are recurring due to the physical

characteristics of the country, characterized by mountain

ranges with steep slopes, diverse geology and intensive

seasonal rains. The physical environments coupled with the

impact of human activities worsen the conditions of the

landscape increasing landslide susceptibility.

Some of the main events that have occurred in Mexico

were in 1991, in the town of Meztitlán, located in Hidalgo
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México, Ciudad Universitaria 04510, Mexico

e-mail: bleufonce.itzy@gmail.com

R.J. Garnica-Peña � I. Alcántara-Ayala
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province, a rotational landslide caused considerable damage

to a sixteenth century monastery (Lugo et al. 1996). After

Hurricane Pauline in 1997, floods and landslides affected

Acapulco’s Bay on the Pacific Coast. About 200

municipalities in the States of Puebla, Veracruz and Hidalgo

were affected by flooding and mass movement processes

that resulted from tropical depression from the Atlantic

Ocean in October 1999 (Alcántara-Ayala 2004).

In particular, the State of Chiapas has suffered the worst

consequences associated with floods and mass movement

processes. These events have occurred in locations with

high levels of poverty; a common characteristic in most

parts of the State. One such event occurred in 2010, when

very heavy rainfall induced a high number of mass move-

ment processes (circa 700) in the mountainous region of

Ángel Albino Corzo and Monte Cristo de Guerrero

municipalities. For this reason, this study was carried out

in the San Nicolas–Independencia River Basin that is located

south of the town of Ángel Albino Corzo. Particularly within

this basin the town of Nueva Colombia is located; this is the

main place where a high number of landslides occurred

(Figs. 1 and 2).

The aim of this paper was to generate a susceptibility map

using an inventory of mass movements that occurred in

October 2010 due to the influence of Hurricane Matthew in

the locality of Nueva Colombia that is in Angel Albino

Corzo municipality. The weights of evidence method relied

on remote sensing techniques and geographic information

systems (GIS) were applied to produce the map.

Nueva Colombia, Chiapas

The San Nicolas-Independencia River Basin (watershed) is

located in the State of Chiapas within the Sierra Madre de

Chiapas. This Basin covers the localities of Nueva Colombia

(Fig. 3), Montecristo, Plan de Ayutla and Nueva

Independencia.

The Sierra Madre de Chiapas follows a NW-SE orienta-

tion. It is extended along the Pacific litoral of Chiapas and

reaches the Tehuatepec Isthmus in the NW and the

Guatemala’s boundary in the SE. It is 360 km long and is

formed by a series of stepped mountains ranging between

1,000 and 4,060 ma.s.l. The Tacaná Volcano is the highest

elevation of the range, it has about 4,060 ma.s.l. (INEGI

2008). This unit comprises Miocene intrusive igneous rocks,

most of which are foliated, strongly deformed and

metamorphosed (Weber et al. 2007). It started its deforma-

tion during The Laramide Orogeny that formed mountainous

series of anticlines and synclines. The last tectonic deforma-

tion was developed in the middle Miocene by NW compres-

sional movements caused by clash of North American and

Caribbean plates (Servicio Geológico Mexicano 2005).

Geology and Stratigraphy

According to the Huixtla Geological Chart D15-2 Chiapas

(Servicio Geologico Mexicano 2005) from the Mexican

Geological Service (Fig. 4), the West side of the basin is

Fig. 1 Location of the basin and landslide inventory

Fig. 2 Spatial distribution of landslides

Fig. 3 Nueva Colombia Town
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dominated by Paleozoic intrusive igneous rocks specifically

metagranite and metagranodiorite (490–410 Ma), over these

rocks lies a carboniferous layer of slate—phyllite rocks

(325 Ma). In the part of Montecristo Town there are some

intrusions of granodiorite and some areas with Cenozoic

rhyolitic and dacitic tuff (24 Ma). Finally the West-Central

part of the basin is formed by Jurassic siltstone and Sand-

stone (183.5 Ma) (Fig. 4).

Structural Geomorphology

The structural pattern of the study area is rather complex. In

the western side of the basin is the N-S Paxtal Thrust that has

an East direction and in the central part of the basin there is

the N-S San Nicolas Thrust that has a West direction. The

main dip direction of the rock layers in the basin is NE-SW.

In the south part of Montecristo Town there is the Nueva

Lucha NW-SE left strike-slip fault. The La Pinada NW-SE

left strike-slip fault is parallel to the Nueva Lucha Fault;

perpendicularly is the Laguna Del Cofre NE-SW left strike-

slip fault and in the East side of Montecristo Town is the

Montecristo NW-SE left strike-slip fault. The majority of

these structures are the limits of the contact between one

kind of rock and another (Servicio Geológico Mexicano

2005). This basin is comprised within the physiographic

region called “Sierra Madre de Chiapas”.

Materials and Methods

To carry out the analysis, it was decided to divide the

research process into different phases. First, we collected

the information about the region, by getting Geologic and

topographic maps published by the Mexican Geological

Service (SGM) and the Statistics, Geography and Informat-

ics National Institute (INEGI). Moreover, information from

newspapers, journals and rainfall data from the National

Meteorological Service (SMN), was also collected. A data-

base was developed including causal landslide factors, and a

landslide susceptibility assessment was carried out.

SPOT images with resolution of 10 m (2005 and 2010)

from the study area were used to produce the landslide

inventory of the movements that occurred in October 25th

2005 and November 08th 2010; 830 landslides were

identified and registered based on the identification of tone,

texture, shape and size. All of them were concentrated in the

NE portion of the basin. Most of the attributes of the

landslides were collected from SPOT images, and the infor-

mation provided by the SGM and the INEGI (Fig. 5).

ArcMap was used for information processing. In this

software the corresponding layers/maps were produced for

each causal factor. In total, there were 10 layers, however,

the main layers that had more importance in this study were

the geologic, the slope, elevation model, aspect, flow accu-

mulation, flow length and distance to rivers (Table 1).

Fig. 4 Geology of the study

region
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The methodology used for the elaboration of the suscep-

tibility map is called “Weights of evidence”. This method

has a Bayesian approach in a long- linear form

(Spiegelhalter 1986) and uses prior (unconditional) proba-

bility and posterior (conditional) probability. The prior prob-

ability is the probability of an event, determined by the same

types of events that occurred in the past, for a given period of

time. The prior probability can be modified using other

sources of information or evidence. This revised information

of past events, based on new evidence, is called posterior

probability (Regmi et al. 2010).

The total number of registered landslides was 830. To

generate the susceptibility map 415 landslides were ran-

domly selected and used, whereas the rest were used to

check the effectiveness of the map.

The information contained on each layer was grouped in

ranges for easy operation. Once we had the information

organized in ranges, a reclassification was carried out

where a value was assigned to each class or rank based on

the importance or influence that it has for developing

landslides. For example, in the slope layer, we generated

seven ranges to which they were assigned a weight that

ranges from 1 to 7 being the number 1 the minor value and

7 the most important, that is very high susceptibility on

slopes greater than 45�.
For each layer the reclassification was made. Once the

new layers were obtained and reclassified, the calculation of

the weights of evidence and the test for conditional indepen-

dence (Regmi et al. 2010; Hua Song et al. 2008; Lee and

Choi 2004; Neuhäuser and Terhorst 2007) were carried out.

Once evidence weights were calculated the next step

involved the preparation of the susceptibility map. As such,

a weighted sum of the weights of different factors was also

carried out in ArcGIS 9.3 by using spatial analyst tools. This

version of the susceptibility map was compared with the

landslides that were not subjected to the process.

Results and Conclusions

After having carried out the calculation of weights of evi-

dence, it was observed that the factors that have more influ-

ence to increase the instability of the slopes are slope, shape,

lithology, and the distance to faults. The rest of the causal

factors were not representative for the purposes of this study.

In the case of the slope factor, it was observed that the

susceptibility is evident in slopes ranging from 30� to more

than 45�. This calculation is consistent with areas where

landslides and mudflows occurred. Moreover, most of the

landslides have a high probability to occur in the SE slopes

of the mountains, presenting a convergent concave geome-

try, thus favoring the instability of the slopes too.

Landslides were triggered by intense rainfall. Mean

annual precipitation and monthly average from 1954 to

2010 were useful to compare the rainfall events of 2005

and 2010. At the regional level, hurricane Mathew involved

a greater contribution of rainfall and therefore, not surpris-

ingly the occurrence of mudflows and landslides was higher

(Figs. 6, 7 and 8). This causal factor was not included in the

weights of evidence calculation because there are not

enough rain gauges near the study area that can provide

accurate information.

Nueva Colombia

Montecristo

Fig. 5 SPOT image of the NW portion of the basin that shows the

Nueva Colombia and Montrecristo Towns and some of the landslides

that occurred in November 2010

Table 1 Significance of the factors used in the analysis

Data type Factors Significance

Geologic Geological

map

Rock types

Distance to

faults

Seismic landslide triggering

Topographic Elevation Vegetation, potential energy and

climate

Slope Overland and sub-surface flow

velocity

Aspect Solar insolation, evapo-transpiration

Slope

shape

Converging, diverging flow, soil

water content, flow acceleration,

erosion, geomorphology

Water-

related

FL Runoff velocity and potential energy

FA Runoff velocity, runoff volume and

potential energy

Distance to

rivers

Areas susceptible to river

undercutting

Human

induced

Highways

and roads

Areas susceptible due to road cutting

and vibration

Landslides Landslide

inventory

Spatial pattern of unstable slopes

Acronyms: FL Flow length, FA Flow accumulation
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Results showed that geologic faults that are 3 km away

from the identified landslide points are those that presented

more influence in the instability. However, to get a solid

argument to this regard, it would be necessary to carry out

other kinds of assessment. Slate-phyllite was the lithological

unit with a highest weight. That result coincides with areas

on which the number of flows and landslides were consid-

ered as very high.

The generated landslide susceptibility map (Fig. 9)

showed that the eastern part of the basin presents areas

ranging from medium to high susceptibility. They corre-

spond to the presence of sandstone and siltstone, which

weathers and erodes easily in tropical regions due to

moisture.

The central part of the basin ranges from low to medium

susceptibility. This is primarily associated with the presence

of igneous bedrock (granodiorites); slopes vary from 5� to

20� and in very few places are greater than 45�. The west

side of the basin is the region with the highest level of

susceptibility and is dominated by phyllites and slates. This

type of lithology is easily eroded, and forms highly dissected

slopes up to 45�. The presence of acrisol soils is also an

important factor; they result from altered acid rocks, and

have high levels of clay. They are characteristic of tropical

and warm climates and when wet, they absorb a large

amount of water causing the increase of soil weight, which

coupled with the high slope gradients, control stability.

According to the landslide classification used, there is a

high index of landslide prediction (90 %) for the whole

basin. The remaining 10 % represents low susceptibility

(Fig. 10). This means that in 61 % of the surface of the

basin susceptibility to landslides ranges from high to very

high levels (Fig. 10).
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Fig. 6 Monthly mean precipitation (1954–2010)

Fig. 7 Cumulative rainfall during October 2005 (upper) and Septem-

ber, 2010 (lower)

Fig. 8 Some of the landslides that occurred near Nueva Colombia

Town after hurricane Mathew in September 29th 2010
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The use of Geographic Information Systems and remote

sensing techniques is significant to generate landslide sus-

ceptibility maps, specifically for regions with difficult

access. Results presented here are preliminary.
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Neuhäuser B, Terhorst B (2007) Landslide susceptibility assessment

using “weights-of-evidence” applied to a study area at the Jurassic

escarpment (SW-Germany). Geomorphology 83:12–24

Regmi N, Giardino J, Vitek J (2010) Modeling susceptibility to

landslides using the weight of evidence approach: Western

Colorado, USA. Geomorphology 115:172–187

Fig. 9 Landslide susceptibility

map

0.48 1.93
6.75

24.34

66.51

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00

La
nd

sl
id

es
  p

re
di

ct
ed

 b
y

le
ve

l o
f S

us
ce

pt
ib

il
it

y 
 (%

) 

4.14
11.33

22.90

34.54
27.10

0.00

10.00

20.00

30.00

40.00

A
re

a 
by

 le
ve

l o
f

su
sc

ep
ti

bi
li

ty
 (

%
) 

Fig. 10 Predicted landslides according to susceptibility levels (upper)
and landslide susceptibility areas (lower)

410 I. Bravo-Carvajal et al.



Servicio Geológico Mexicano (2005) Carta Geológico- Minera

“Huixtla” D15-2 Chiapas, escala 1: 250 000, Mexico

Spiegelhalter DJ (1986) A statistical view of uncertainty in expert

systems. In: Gale W (ed) Artificial intelligence and statistics.

Addison-Wesley, Reading, MA, pp 17–55

Weber B, Iriondo A, Premo W, Hecht L, Schaaf P (2007) New insights

into the history and origin of the southern Maya block, SE Mexico:

U-Pb-SHRIMP zircon geochronology from metamorphic rocks of

the Chiapas massif. Int J Earth Sci 96:253–269. doi:10.1007/

s00531-006-0093

Landslide Susceptibility Mapping Using Remote Sensing and GIS: Nueva Colombia. . . 411

http://dx.doi.org/10.1007/%20s00531-006-0093
http://dx.doi.org/10.1007/%20s00531-006-0093


Landslide Susceptibility Model Validation: A Routine
Starting from Landslide Inventory to Susceptibility

Gulseren Dagdelenler, Hakan A. Nefeslioglu, and Candan Gokceoglu

Abstract

The main purpose of the present study is to evaluate the model validation stage of a routine

landslide susceptibility mapping. For the purpose, model validation is assessed in three

stages; (1) during model data production, (2) during model construction, and (3) during the

production of model consequences; landslide susceptibility maps. As the results of these

evaluations, it is revealed that training and testing data sets should be separated considering

an appropriate separation ratio which is about 80 % and 20 % of the presence (1) data after

completion of inventory studies. Correct classification percentages, error matrices, and the

Kappa index are suggested to be considered for the training data sets during model

construction. Additionally, again the correct classification percentage and the Root Mean

Square Error (RMSE) should be considered during this stage for the testing data sets as

well. In order to evaluate the spatial performance of the produced landslide susceptibility

maps, the use of the Receiver Operating Characteristic (ROC) curves and the Area Under

Curve (AUC) statistics is recommended. In the present study, the maximum Kappa index

(k) value was calculated to be 0.459 for both the random sampling 1 (Rnd1) in the model 1

and for the random sampling 2 (Rnd2) in the model 2 during the model construction stage.

The AUC values were calculated for these random samplings to be 0.781 and 0.790

respectively during the production of the model consequence stage in the study.

Keywords

Landslide susceptibility � Model � Testing � Training � Validation

Introduction

The model validation stage constitutes one of the most

important issues in natural hazard modelling studies

(Begueria 2006). Obviously, it could be considered that

validation of landslide susceptibility models as well as the

maps should also be the most critical topic in landslide

susceptibility researches. Although the model validation

assessment has a very important role in modelling, many

studies in literature do not give necessary importance to

model validation, they just allow to be evaluated some

basic validation statistics to assess the performance of the

models. In landslide susceptibility mapping studies, the per-

formance of the models are checked using different valida-

tion statistics by different researchers and that contributes to

differences in terms of performance evaluation and the

comparisons of the models according to these performances.

The main purpose of this study is to represent a procedure for

the assessment of the performance of landslide susceptibility

mapping. The study proposes a flow chart which evaluates

the current validation indices of the models in three stages:
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i) the model data production stage, ii) model construction

stage and iii) the production of model consequences stage.

For the purpose, the landslide susceptibility analyses

performed by Dagdelenler (2013) in eastern part of Gallipoli

Peninsula (Canakkale, Turkey) were evaluated.

Model Validation

As mentioned, the performance evaluations of the models

were performed in three stages given in the flow chart in

Fig. 1. These stages are described in detail below.

During Model Data Production

During the landslide susceptibility analyses performed by

Dagdelenler (2013), a total of 10 variables (7 continuous and

3 categorical) were used as independent variables and also

presence (1) and non-presence (0) data of mapped landslides

was used as the dependent variable. 20 % of the presence

(1) data was separated as testing and 80 % of the presence

(1) data was separated as training data sets for the models

(Nefeslioglu et al. 2011, 2012; Oh and Pradhan 2011; San

2014). This process was carried out three times the models

data sets Rnd1, Rnd2 and Rnd3 selected at random were

obtained. For each random set, 80 % of the presence (1) data

was separated and the training sets were generated by

separating also 80 % of non-presence (0) data which equal

to 80 % of presence (1) data in number. As it could be clearly

realized, this stage constitutes the preparedness for further

performance evaluations.

During Model Construction

The landslide susceptibility analyses were performed by

applying the logistic regression technique by Dagdelenler

(2013). As the results of the logistic regression analyses

using training data sets, correct classification percentages

(%), error matrices and validation statistics and Kappa

index (k) values derived from the error matrices were deter-

mined. Correct classification percentages (%) calculated as

the results of logistic regression analyses for the models

were found to be acceptable and quite similar. They vary

between 78 and 79 %.

Fig. 1 Procedure for the

assessment of the performance of

landslide susceptibility mapping

414 G. Dagdelenler et al.



An error matrix shows the number of correctly estimated

observations for positive and negative cases. In the error

matrix in Table 1, the observed and predicted presence (1)

and non-presence (0) data sets are represented by a letter (a,

b, c, and d). Validation statistics (Table 2) and Kappa index

(k) values derived from the error matrices of the models are

calculated according to formulations of the validation statis-

tics derived from the error matrix (Begueria 2006). The

formula of the Kappa index (k) derived from error matrices

was seen in (1,2, and 3). According to the Kappa index

classification chart proposed by Landis and Koch (1977),

Kappa index value for each model indicates that the model

compatibility powers were moderately good.

P ¼ aþ d

N
ð1Þ

Pe ¼ aþ bð Þ aþ cð Þ þ cþ dð Þ d þ bð Þ
N2

ð2Þ

k ¼ P� Pe

1� Pe
ð3Þ

Where,

P ¼ The proportion of observations in agreement; Pe ¼
The proportion in agreement due to chance; k ¼ Kappa

index.

RMSE performance index and correct classification per-

centage (%) values were calculated by using the testing data

sets. Validation indices were derived from the error matrix

and Kappa index values (threshold dependent) were

specified by using the training data sets. Correct classifica-

tion percentages for the first, second and third random sets of

the landslide body sampling model were calculated as

follows: 79.7 %, 80.5 % and 69.8 % respectively. The

correct classification percentages for the landslide suscepti-

bility models considered different buffer distances (d ¼ 25

m, d ¼ 50 m, d ¼ 75 m and d ¼ 100 m) in the seed cell

samplings (Dagdelenler 2013) vary between 76.6 and

88.5 %. The seed cells obtained by the seed cell sampling

strategy (Suzen and Doyuran 2004) are assumed to represent

the pre-failure conditions of the landslides for the topograph-

ical parameters in particular. The calculated RMSE values

for the Model 1 (landslide body samplings) are 0.398, 0.395

and 0.453 respectively and RMSE values vary between

0.334 and 0.422 for the Model 2 (seed cell samplings) at

different buffer distances (d ¼ 25 m, d ¼ 50 m, d ¼ 75 m,

d ¼ 100 m).

During the Production of Model Consequences

In the third stage of the performance evaluation procedure,

the resultant landslide susceptibility maps were analysed by

using the ROC curves and the area under ROC curves

(AUC). The ROC curve evaluation and the AUC are thresh-

old independent indices which are determined during the

production of model consequences. Area under ROC curve

value is used as a single threshold independent validation

statistics (Begueria 2006). The An AUC value which is close

to 1 means the performance of the model is good (Fawcett

2006). The ROC curves of the models were drawn and the

AUC values were determined (Table 3). According to the

results, the calculated AUC values for the models were

found to be close to 1 and were very close to each other

(Table 4). These results show that the performances of the

models are quite acceptable.

Table 1 The presentation of true positive

Observed

X1 (presence) X0 (non-

presence

Predicted X0
1 (presence) a b

X0
0 (non-presence) c d

a; false positive, b; false negative, c; and true negatives, d in an error

matrix

Table 2 The formulation of the validation statistics derived from the error matrix (Begueria 2006)

Validation statistics The formulation Description

Efficiency (a + d)/N Ratio of correctly classified observations

Incorrect classification rate (b + c)/N Rate of correct classified observations

Odds ratio (a + d)/(b + c) Ratio of correct and incorrect classification of cases

Positive predictive value a/(a + b) Rate of true positives of the total positive estimation values

Negative predictive value d/(c + d) Rate of true negatives of the total negative estimation values

Sensitivity a/(a + c) Correctly estimated positive cases ratio

Specificity d/(b + d) Correctly estimated negative cases ratio

False positive rate b/(b + d) False positives ratio of total negatives observations

False negative rate c/(a + c) False negatives ratio of total negative observations

Likelihood ratio Sensitivity/(1-specificity) The ratio between true positives and false negatives

Landslide Susceptibility Model Validation: A Routine Starting from Landslide. . . 415
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Results and Conclusions

The validation indices are evaluated in three stages such as

during model data production, model construction, and pro-

duction of model consequences. In addition, a generalized

flow chart for the performance evaluation of the landslide

susceptibility models is proposed. According to the flow

chart, it could be clearly realized that which validation

indices are calculated from which data set and in which

stage of the model. In recent huge landslide susceptibility

literature, there is vagueness about the validation of the

models constructed. This uncertainty starts from the model

data production and goes up to production of the model

consequences. The common way applied for validation is

the evaluation of the ROC curves for whole study area

(Ayalew and Yamagishi 2005; Mathew et al. 2007; Pradhan

2010). However, the performance evaluation of the model

construction stage is commonly ignored particularly in the

studies in which the bivariate statistics, artificial intelligence

and data mining techniques are applied (Saito et al. 2009;

Yilmaz 2009; Oh and Pradhan 2011; Akgun et al. 2012; Bui

and Pradhan 2012; Conforti et al. 2014). Obviously, in order

to apply this stage, a pre-processing stage including data

production for further evaluations is necessary. The perfor-

mance evaluation of the model construction stage was

suggested to be a separate routine step in model validation

for landslide susceptibility analyses in the proposed flow

chart. It is commonly desired from a landslide susceptibility

model to provide both high prediction capacity for the

constructed model and high generalization capacity for the

application results in whole study area (Can et al. 2005).

Assuming that if all probabilities are calculated to be 1 for

whole study area, in this case the spatial performance of the

model is found to be 100 %. However, the resultant landslide

susceptibility texture is irrational and it could be assumed

that there is no generalization capacity for the model for this

situation. The probabilities will also be calculated to be 1 for

whole areas without landslides so that the calculated AUC

values will also be low. In other words, the model prediction

capacity is maximum while the generalization capacity is

minimum. Hence, it could be clearly realized that the vali-

dation indices for the model construction and production

model consequences should be evaluated separately. There-

fore, it could be concluded that the proposed methodology in

this study enables controlling both prediction and generali-

zation capacities for any landslide susceptibility evaluations

appropriately.

According to the results obtained from the sample

analyses of the models given in this study, the validation

indices are quite close and this also shows that model pre-

dictive and generalization capacities could be evaluated to

be acceptable.
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GIS-Based Landslide Susceptibility Mapping Using
a Certainty Factor Model and Its Validation in the
Chuetsu Area, Central Japan

Jie Dou, Takashi Oguchi, Yuichi S. Hayakawa, Shoichiro Uchiyama,
Hitoshi Saito, and Uttam Paudel

Abstract

The principal aim of this study is to assess the landslide susceptibility in the Chuetsu area,

Niigata Prefecture, Central Japan, using a certainty factor model in a GIS environment. The

landslide inventory data used in this study were obtained from the National Research

Institute for Earth Science and Disaster Prevention (NIED). The data were divided into

two groups: one for training the model and the other for its validation. Seven relative

factors, elevation, slope angle, slope aspect, density of geological boundary, density of

drainage network, plan curvature, and lithology were utilized for this susceptibility analy-

sis. Based on the aforementioned correlative factors, a landslide susceptibility map was

produced and then verified using receiver operating characteristics (ROC). The value of

area under the ROC curve (AUC) of the constructed CF model is 0.82. A model with such a

high AUC value is considered good and therefore acceptable in predicting landslides. The

landslide susceptibility map prepared in this study can hence be used to mitigate risks

associated with landslides in the study area.

Keywords

Landslide susceptibility mapping � GIS � Certainty factor � AUC � LiDAR DEM

Introduction

Landsliding is one of the natural hazards affecting many

parts of the world, especially the mountainous areas. The

annual loss of property caused by landslides alone is far

greater than that caused by any other single type of natural

disaster, such as earthquakes, hurricanes, windstorms and

floods (Turner and Schuster 1996; Garcia-Rodriguez et al.

2008). As indicated by Turner and Schuster (1996), this

trend will possibly aggravate in the future corresponding to

the processes of urbanization, economic development, and

increasing regional precipitation in landslide-prone areas

because of climate change. It is hence essential to predict

landslides so as to mitigate the potential risk.

Landslide susceptibility mapping (LSM) is a primary step

to reduce the risk. This involves not only finding where the

risk of landslide-related problems is spatially located, but

also quantitatively and qualitatively assessing the signifi-

cance of any such hazards and associated risk factors.
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Additionally, LSM could also help to describe the known

landslides, make emergency decisions, avoid and mitigate

future landslide hazards (Guzzetti et al. 2006). Recently,

with the developing accuracy in prediction and positive

implications, academic research on regional LSM is gaining

momentum.

In recent years, many models for the prediction of

landslides have been developed (Chigira et al. 2006; Yilmaz

2009; Dou et al. 2009, 2010; Avinash and Ashamanjari

2010; Devkota et al. 2012). Statistical and probabilistic

techniques use multi-bivariate methodology to analyze the

spatial data and landslide inventory to predict landslides

(Kanungo et al. 2011). Many of these models are complex

and time-consuming to build. Here, we have used simpler

statistical and probabilistic techniques for the evaluation of

landslide susceptibility and its mapping.

This paper investigates the accuracy of LSM using a

certainty factor (CF) model as well as the effect of various

landslide-conditioning factors. Modeling involves extraction

of seven causative factors: elevation, slope angle, slope

aspect, density of geological boundary, density of drainage

network, plan curvature and lithology with the help of GIS.

A landslide susceptibility map was the outcome of the

model. We also used the receiver operating characteristic

(ROC) method to verify the accuracy of the model.

Study Area and Data

Study Area

The study area is located in a mountainous region of Niigata

Prefecture, Japan (Fig. 1). The elevation ranges from 22 m to

734 m with a mean of 206 m. Annual precipitation is around

2,000 mm, mostly delivered by typhoons in the form of

heavy snow. The area is underlain by sedimentary and meta-

morphic rocks from the Paleocene to the Quaternary period

(Takeuchi and Yanagisawa 2004). Land-use in the study

area is characterized by settlements, small-scale agro-

industrial activities such as paddy farming, and deciduous

broad-leaved beach forests. According to Oguchi (1996),

shallow failures and erosion into bedrock play vital roles in

shaping landscapes in mountains of Japan. This area suffered

a big earthquake of magnitude 6.8 on October 23, 2004 that

triggered many sediment-related disasters, including numer-

ous slope failures and landslides.

Data

Guzzetti et al. (1999) note that landslides in the past are vital to

predict those in the future. Therefore, it is important to maintain

a landslide inventory. The landslide inventory data for this study

was provided by the National Research Institute for Earth

Science and Disaster Prevention (NIED), Japan (Fig. 1). The

inventory represented landslides as polygons; the centroids of

which were used as landslide points in this study.

Slope angle, aspect, lithology and elevation are the most

important parameters affecting landslide occurrences (Caniani

et al. 2007). Seven landslide-conditioning parameters were

selected in this study: (1) elevation, (2) slope angle, (3) slope

aspect, (4) lithology, (5) density of geologic boundaries, (6)

density of drainage network, (7) plan curvature. These

selections are based on literature (e.g., Guzzetti et al. 2006;

Caniani et al. 2007) that discussed spatial relationships

between landslide occurrence and conditioning parameters.

Slope aspect, slope angle, density of drainage network, and

plan curvature were extracted from a 2-m LiDAR DEM

obtained from Geospatial Information Authority of Japan

(GSI) in 2005. The geology map used in this study was

prepared by the Geological Survey of Japan (GSJ).

Methodology

Certainty Factor Model

The certainty factor (CF) model is widely applied in the field

of expert system shells, rule-based systems, and landslides

(e.g., Shortliffe 1976; Kanungo et al. 2011). The CF

approach is one of the probable favorability functions (FF)

Fig. 1 Location map of landslides in the study area, including the

training and testing data
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to deal with the problem of integrating heterogeneous data

(Chung and Fabbri 1993). The general theory function is

given by the following equation:

CF ¼

PPa � PPs

PPa � 1� PPsð Þ if PPa � PPs

PPa � PPs

PPs � 1� PPað Þ if PPa < PPs

8
>>><

>>>:
ð1Þ

where PPa is the conditional probability of having a number

of landslide events occurring in class a and PPs is the prior

probability of having a total number of landslide events in

the study area. PPs for this study area was found to be 0.26.

The CF value is calculated for each class layer using (1).

These layers are then integrated pairwise based upon the

combination rule given in the following equation (Binaghi

et al. 1998):

Z ¼
CF1þ CF2� CF1∗CF2 CF1, CF2 � 0

CF1þ CF2þ CF1∗CF2 CF1, CF2 < 0
CF1þ CF2

1�min CF1j j, CF2j jð Þ CF1, CF2, opposite signs

8
>><

>>:

ð2Þ

Equation (2) is also called the parallel-combination func-

tion. The pairwise combination is operated until all the CF

layers are brought together to produce the landslide suscep-

tibility index (LSI) defined as the sum of the ratio calculated

for each relative factor. LSI gives a measure of certainty in

predicting landslides.

The CF value ranges from �1 to 1. Positive values imply

an increasing certainty in landslide occurrence, whereas

negative values impart a decrease in the certainty. A value

close to 0 indicates that the prior probability is very similar

to the conditional probability and it is therefore difficult

to determine the certainty of landslides occurrence

(Pourghasemi et al. 2012).

In the present study, the LSI was classified into six sus-

ceptibility classes as shown in Table 1 in order to simplify

the results and obtain a landslide susceptibility map. The

verification of the LSM was done using receiver-operating

characteristics (ROC). The area under the ROC curve (AUC)

was utilized as a comparative means to judge the model’s
performance.

Results and Discussion

Resultant CF Model

The interrelationship between the spatial location of the

landslides and landslide conditioning factors was analyzed

in GIS (Table 2). The landslide susceptibility map obtained

by the certainty factor model is presented as Fig. 2. In

Table 2, the CF values of four elevation classes (131–190,

190–246, 246–301, and 301–357 m) show high positive

values, and the percentage of total landslide occurrence in

the elevation classes are 19.96 %, 23.37 %, 19.35 % and

15.23 %, respectively. The CF values are greater than 0.5 for

the altitude from 190 to 357 m. The results reveal that CF

values are high and landslides are frequent in the middle

altitudes, because the ratio of the study area in the middle

altitudes is greater than that in the higher altitudes, and the

lower areas are gentle and thus not prone to landslides.

In the case of slope angle, CF values are strongly positive

from 22� to 44�. The percentage of landslide occurrence

in the slope classes 28�–33�, 33�–38�, and 38�–44� are

15.43 %, 19.43 %, and 19.57 %, respectively. The result

shows that the occurrence of landslides gradually increases

with an increasing slope angle until it drops sharply after 44�

slope angle. Gentler slopes have a relatively low frequency

of landslide occurrences because of the lower shear stress

corresponding to the low gradient; whereas, very steep slope

angles lead to outcropped bedrock, which is less susceptible

to landslides.

With respect to the slope aspect, most of the landslides

occurred along East, South-East, South, South-West and

West facing slopes with positive CF values from 0.13 to

0.57. The highest percentage of landslides, 15.76 %,

occurred along the Southern slopes, followed by South-

West slopes (15.73 %). Landslides triggered by an earth-

quake are distributed mainly along dip direction of geologi-

cal formations. The Northern slope aspect with a negative

CF value may be related to dipping of bedrock but details are

unknown.

In the case of density of geological boundary, the CF

values are always positive. The maximum CF value, 0.5, is

seen in the class with the most dense geological boundary

(15–27) followed by a value of 0.42 in the immediately

lower geological density class (10–15). The percentage dis-

tribution of landslide occurrences in the above mentioned

classes are 25.26 % and 21.73 %, respectively. The negative

CF value for the geological-density class lower than

2 indicates that geolocial uniformity affects the stability of

the area. Higher density of geological boundaries suggests

higher geo-tectonic activity which leads to instability.

Table 1 LSI classification according to the range of CF values

(Binaghi et al. 1998)

Code Range Description

1 �1.0�0.09 Extremely low certainty

2 �0.09–0.09 Uncertainty

3 0.09–0.2 Low certainty

4 0.2–0.5 Medium certainty

5 0.5–0.8 High certainty

6 0.8–1.0 Extremely high certainty
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The density of drainage network (DR) shows a positive

value for the classes 2–4, 4–6, and 6–9. The positive maxi-

mum CF value of 0.2 is observed with the 4–6 DR class. The

highest percentage of landslide occurrences, 29.89 %, also

relates to the same DR class followed by 28.66 % of the 2–4

DR class. Since the landslides in this study were triggered by

an earthquake and the corresponding CF values are compar-

atively very small, a specific cause-reason relation for the

distribution of landslides in the DR class could not be

established.

Concave plan curvature corresponds to a negative CF

value (�0.18) while convex curvature to a positive value

(0.21). Normally convex areas have a lower CF value than

concave areas because such slopes retain more water and

the increased soil moisture content reduces the stability

of the soil. In this study area though, the concavity is not

Table 2 Part of Spatial relationship between the relative factors and landslides by certainty factor model

Factors Class

No. of pixels in

domain

Percentage of

domain (%)

No. of land-

slides

Percentage of

landslides (%)

PPa

(%) CF

Elevation (m) 0–73 509960 18.14 75 1.01 0.01 �0.96

73–131 496945 17.67 507 6.86 0.1 �0.68

131–190 431813 15.36 1,476 19.96 0.34 0.31

190–246 379260 13.49 1,728 23.37 0.46 0.57

246–301 327443 11.65 1,431 19.35 0.44 0.54

301–357 245594 8.73 1,126 15.23 0.46 0.58

357–413 184641 6.57 689 9.32 0.37 0.4

413–477 137466 4.89 313 4.23 0.23 �0.17

477–561 75006 2.67 38 0.51 0.05 �0.85

561–735 23670 0.84 11 0.15 0.05 �0.86

Slope angle (�) 0–4 806102 28.67 69 0.93 0.01 �0.98

4–10 329623 11.72 329 4.45 0.1 �0.69

10–17 312941 11.13 625 8.45 0.2 �0.3

17–22 309831 11.02 830 11.23 0.27 0.02

22–28 292849 10.42 956 12.93 0.33 0.26

28–33 295299 10.5 1,141 15.43 0.39 0.43

33–38 256253 9.11 1,437 19.43 0.56 0.72

38–44 162466 5.78 1,447 19.57 0.89 0.96

44–70 46434 1.65 560 7.57 1.21 �0.97

Slope aspect Flat 505420 17.97 571 7.72 0.22 �0.88

Northeast 266989 9.5 469 6.34 0.18 �0.4

East 282759 10.06 822 11.12 0.29 0.13

Southeast 272681 9.7 1,110 15.01 0.41 0.48

South 258376 9.19 1,165 15.76 0.45 0.57

Southwest 290646 10.34 1,163 15.73 0.4 0.47

West 337151 11.99 1,046 14.15 0.31 0.21

Northwest 331355 11.78 664 8.98 0.2 �0.3

North 266421 9.48 384 5.19 0.14 �0.53

Density of geological boundary 0–2 893627 30.82 1,153 15.59 0.13 �0.58

2–5 599311 20.67 1,607 21.73 0.27 0.03

5–7 602764 20.79 1,868 25.26 0.31 0.21

7–10 438573 15.13 1,345 18.19 0.31 0.19

10–15 274642 9.47 1,045 14.13 0.38 0.42

15–27 90616 3.13 376 5.09 0.41 0.5

Density of drainage network 0–2 792237 27.24 1,571 21.25 0.2 �0.31

2–4 792007 27.24 2,119 28.66 0.27 0.02

4–6 714523 24.57 2,210 29.89 0.31 0.2

6–9 449187 15.45 1,278 17.28 0.28 0.1

9–20 159964 5.5 216 2.92 0.14 �0.56

Plan curvature Concave 1615639 172.76 3,659 49.49 0.23 �0.18

Convex 1196159 318.28 3,735 50.51 0.31 0.21
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responsible for the landslide occurrences, because the

landslides are induced by an earthquake, not by rainfall.

Ridges tended to collapse because of higher ground acceler-

ation due to the earthquake.

The results of this study also indicate that the eight

lithology classes, sandstone and alternation of sandstone

and mudstone from Late Miocene–Early Pliocene (As);

mudstone interbedded with sandstone (Ku), Andesitic pyro-

clastic rock (Uv), sandstone (Ks), massive mudstone (Um),

sandstone interbedded with mudstone (KI) from Early

Pliocene-Late Pliocene; and Massive mudstone (Am) from

Late Miocene–Early Pliocene have significantly higher CF

values of 1.0, 0.94, 0.89, 0.82, 0.78, 0.75, 0.70, 0.52, respec-

tively. The highest percentage of landslides among the

lithology classes, 21.4 %, occurred in Ku, followed by Am

(19 %) and Um (13.34 %). The bedrock in the area of major

landsliding consists of a folded sequence of sandstone, mud-

stone and their interbeddings, and the results point to the

occurrence of landslides in the weakly cemented lithological

groups.

Validation of the CF Model

It is essential to verify the accuracy of any prediction model.

We verified the accuracy of the CF model used for this study

and the results using ROC.
ROC is a very useful indicator to evaluate the quality

of deterministic and probabilistic detection and forecast

systems (Swets 1988). The area under the ROC curve

(AUC) can characterize the quality of a forecast system by

describing the system’s ability to correctly predict the occur-
rence or non-occurrence of a predefined event.

For the verification, the total landslides were divided into

two groups, training data and validation data and an ROC

plot of sensitivity (true positive rate) and 1-specificity (false

positive rate) was made. The AUC value varies from 0.5 to

1.0 and only an ideal model has an AUC value of 1.0. For our

model, the AUC value is 0.82 (Fig. 3). According to Yilmaz

(2009), a model with an AUC value of 0.82 is considered

good for use in landslide susceptibility mapping.

Figure 4 shows that 96.28 % of the total landslides

occurred in the 61.6 % of the area classified as high (high,

Fig. 2 The landslide susceptibility map showing six susceptible clas-

ses from very low to extremely high

Fig. 3 Evaluation of LSM model performance using ROC

Fig. 4 Distribution of the study area and the occurrence of landslides

according to the classification scheme used for LSM
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very high and extremely high) according to their CF values.

This displays that the modeling result agrees with the real

condition.

Conclusions

In this research, an LSM model, namely the CF model

was applied to the Chuetsu area in the Niigata Prefecture,

Japan, to produce a susceptibility map using GIS. The

main trigger for the landslides in this area was the

Chuetsu earthquake of 2004. Seven factors (elevation,

slope angle, slope aspect, density of geological

boundaries, density of drainage network, plan curvature

and lithology) were used to predict the susceptible areas.

The model was verified using an AUC value obtained

from ROC plot and it showed a high accuracy.

Landslide susceptibility maps are of great importance

for sustainable urban development and thus the local

government. The constructed map may be helpful in

preliminary decision-making, policy planning and hazard

mitigation in the future.
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Landslide Susceptibility Mapping Using a Grid-based
Infiltration Transient Model in Mountainous Regions

Dongyeob Kim, Eun Jai Lee, Byungkyu Ahn, and Sangjun Im

Abstract

Rainfall-induced landsliding is the major sediment-related disaster in the mountainous

regions of Korea. Landslide susceptibility mapping, which is the principal approach to

identifying areas prone to landslides, provides decision-makers with the policy priorities

for mitigation and prevention measures. A revised TRIGRS (Transient Rainfall Infiltration

and Grid-based Regional Slope-stability analysis) model was employed to estimate areas

that would be unstable after rainfall occurred. Design rainfall data was statistically derived

and input into the model. The influence of trees was considered in terms of tree surcharge

and tree root cohesion. A regional estimate of landslide-prone areas was then conducted

using the model. Unstable hillslope conditions vary temporally and spatially on a regional

scale with soil, topography, and land use/cover.

Keywords

The revised TRIGRS � Tree surcharge � Tree root cohesion � Design rainfall data

Introduction

Damage by landslides is increasing all over the world, with

landslides becoming more frequent and severe. In South

Korea, the 10-year average of landslide-damaged areas has

increased from 231 ha in the 1980s to 349 ha in the 1990s

and 713 ha in the 2000s (Korea Forest Service 2013). Since

the year 2000, in particular, areas averaging more than

1,000 ha were damaged by landslides due to heavy rainfall

events (Fig. 1). Shallow landslides, typically induced by

rainfall, constitute the most dominant type, which is the

major sediment-related disaster in the mountainous regions

of South Korea.

Assessment of landslide susceptibility in a region is a

basic process for landslide risk management. Landslide sus-

ceptibility mapping, which is the principal approach to

identifying areas prone to landslides, provides decision-

makers with the policy priorities for mitigation and preven-

tion measures. Of the methods of assessing landslide suscep-

tibility, the physically-based approach has the advantage of

considering changes in landslide-causing factors such as

rainfall patterns and land use. These factors have significant

impacts on landslide initiation, specifically on rainfall-

induced shallow landslides.

In the current study, landslide susceptibility mapping at a

regional scale was carried out using a physically-based

model. An existing model was modified to consider the

effects of trees on landslide initiation, and statistically-

derived design rainfall was introduced as input rainfall data

for the landslide susceptibility model.
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The Revised TRIGRS Program

TRIGRS (Transient Rainfall Infiltration and Grid-Based

Regional Slope-Stability Model), developed by the U.S.

Geological Survey (Baum et al. 2002), was applied to assess

landslide susceptibility in the current study. This grid-based

model evaluates the temporal change of slope stability as a

Factor of Ssafety (FS), considering the transient effect of

infiltration during rainfall events. The model was revised to

consider the effects of trees on landslide initiation, such as

rainfall interception, tree surcharge, and tree root cohesion.

Figure 2 shows the difference between the original TRIGRS

and the revised model in calculating the pressure head of

groundwater and Factor of Safety. Specifically, the follow-

ing equation including terms for tree root cohesion and tree

surcharge was used to calculate Factor of Safety in the

revised model,

FS Z; tð Þ ¼ cr þ c0 þ mt cos
2θþ γtZ cos

2θ�ψ Z; tð Þγw
� �

tanϕ0

mtþ γtZð Þsin θcos θ

where FS is the factor of safety, Z is soil depth (m), t is time

(s), cr is the root cohesion (kPa), c0 is the soil effective

cohesion (kPa), mt is the tree surcharge (kPa), θ is the

slope angle (�), γt is the moist soil unit weight (kN m�3), ψ
is the pore water pressure expressed as a head of water (m),

γw is the water unit weight (kN m�3), and ϕ’ is the soil

effective internal friction angle (�).

Study Site

The study sites were Pyoengchang and Inje in Kangwon

province, South Korea (Fig. 3). These two regions have

extensive landslide-damaged areas because of steep

topography and heavy annual rainfall. For both of them,

more than 80 % of the entire site was covered by forest,

and granite was dominant geologically. Table 1 shows some

principal environmental characteristics of the study sites.

Parameterization

Rainfall Data

Design rainfall, statistically-derived from rainfall duration

and return period, was used as standard rainfall data for the

landslide susceptibility assessment. From analysis of the

characteristics of landslide-triggering rainfall events in

South Korea since the year 2000, 24-h duration and 5-year

return period were selected as criteria for standard rainfall.

The derived standard rainfall was temporally distributed

using the “obs” method suggested by the Ministry of Land,

Infrastructure and Transport, South Korea (2011). The obs

method, based on the temporal distributions of 297 observed

storm events with more than 30 mm h�1 of maximum hourly

intensity, is thought to represent the characteristic of storm

events in South Korea moderately well.

In terms of derived standard rainfall data, 280.7 mm of

total rainfall and 47.1 mm of maximum hourly rainfall were

used for Pyeongchang, while 205.6 mm of total rainfall and

34.5 mm of maximum hourly rainfall were used for Inje.

Figure 4 shows the temporal distribution of the resulting

standard rainfall data for each study site.

Topographical Data

GIS data on elevation, slope gradient, and flow direction

were generated as input data for the revised TRIGRS

model. For the typical landslide size in South Korea, GIS

data on slope gradient and flow direction were converted

from a 30-m, LiDAR-based DEM. The topographical

features of the study sites, based on the generated GIS

data, are described in Table 2.

Soil Property Data

Some geotechnical and soil-hydraulic parameters are needed

for the simulation using the revised TRIGRS, such as the soil

unit weight, the soil cohesion, the soil internal friction angle,

and the soil saturated hydraulic conductivity. In the current

study, the parameters were estimated for each soil type of the

digital forest soil map, Korea Forest Research Institute

(KFRI). Table 3 shows the ratio and parameter values of

soil types of the study sites. Brown soil (B) was the dominant

soil type for both sites, featuring 17.82 kN/m3 for the soil

Fig. 1 National statistics on landslide-damaged areas in South Korea
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unit weight, 6.80 kPa for the soil cohesion, 26.9� for the soil
internal friction angle, and 3.52 � 10�5 m/s for the soil

saturated hydraulic conductivity.

For soil thickness, a uniform value was assumed for the

entire study sites because there was no reliable existing data

on soil thickness distribution. Parametric analyses were

conducted for 1.0 m, 1.5 m, and 2.0 m of soil thickness,

based on the typical depth of shallow landslides that have

occurred in South Korea.

Forest Property Data

The rainfall interception model of the revised TRIGRS was

not employed in the current study because rainfall intercep-

tion has little impact on landslide initiation during the short

duration of a single rainfall event (Kim et al. 2013). The tree

surcharge and tree root cohesion were estimated, based on

the forest type and crown coverage of the study sites, from

the digital forest stock map by KFRI. In terms of forest type,

Pyeongchang had 37.1 % of coniferous forest, 39.7 % of

deciduous forest, and 23.2 % of mixed forest, while Inje had

22.8 %, 38.1 %, and 39.1 %, respectively. Also, crown

coverage value was mostly medium or dense for both sites.

Fig. 2 Schematic diagram of the

revised TRIGRS (after Kim et al.

2013)

Fig. 3 Location map of the study sites in South Korea

Table 1 The characteristics of the study sites, Pyeongchang and Inje

Pyeongchang Inje

Area (km2) 1,464 1,646

Forest Cover (%) 80 88

Geology Granite/Granitic Gneiss Granite

Temperature (�C) 6.6 10.1

Precipitation (mm) 1,898 1,211
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For assigned values for the simulation, tree surcharge ranged

from 0.177 kPa to 0.465 kPa, and tree root cohesion ranged

from 1.00 kPa to 1.67 kPa, respectively.

Initial Conditions and Assumptions of the
Revised TRIGRS Simulation

The initial groundwater table was assumed to lie at the

boundary of the soil zone and bedrock, namely at the depth

to bedrock. In addition, the soil zone above the groundwater

table was assumed to be tension-saturated because the

saturated-infiltration model of the TRIGRS was applied in

the current study. These soil-hydraulic initial conditions

were based on typical topographical and soil-hydraulic

properties of South Korea. A series of the revised TRIGRS

simulations with the aforementioned initial conditions were

conducted for the soil thicknesses of 1.0 m, 1.5 m, and 2.0 m

and the final Factors of Safety were calculated from the

simulations.

Results and Discussion

As the results of the simulations, the site-averaged Factors of

Safety were calculated as 2.09 for 1.0 m of soil thickness,

1.60 for 1.5 m of soil thickness, and 1.35 for 2.0 m of soil

thickness in Pyeongchang. The average Factors of Safety of

1.87, 1.44, and 1.23 were calculated for 1.0 m, 1.5 m, and

2.0 m of soil thickness in Inje. For both study sites, the

averaged Factor of Safety decreased as soil thickness

increased.

In terms of landslide-susceptible areas, areas calculated

as having less than a Factor of Safety of 1, Pyeongchang

appeared to have 4.7 km2, 124.1 km2, and 410.3 km2 for

1.0 m, 1.5 m, and 2.0 m of soil thickness, while Inje appeared

to have 14.0 km2, 226.0 km2, and 558.1 km2, respectively.

The site-averaged Factors of Safety were calculated as

having lower values for all soil thicknesses in Inje than in

Pyeongchang. Moreover, Inje had more areas susceptible to

landslides than Pyeongchang, not only by area but also by

area ratio. With these results, Inje was thought to be more

susceptible to landslides than Pyeongchang, although the

amount of input rainfall in Pyeongchang was greater than

that in Inje. Figures 5 and 6 show the areas with Factors of

Safety < 1 by soil thickness for the study sites. According to

Figs. 5 and 6, Jinbu in Pyeongchang and Seohwa in Inje were

assessed as the areas most susceptible to landslides in each

study site.

In the current study, landslide susceptible areas were

assessed and mapped for each study site by considering

local rainfall characteristics and other landslide-inducing

factors. However, landslide-historical data may be needed

to evaluate the performance of the approach employed and

to analyse the results statistically. Reliable data on landslide-

triggering factors are also needed to improve the perfor-

mance of the physically-based landslide susceptibility

model.

Acknowledgments This research is based on a part of the author

Dongyeob Kim’s doctoral dissertation.

Fig. 4 Input rainfall data of the study sites (a) Pyeongchang, (b) Inje

Table 2 Topographical properties of the study sites based on the

generated GIS input data

Pyeongchang Inje

Number of cells 1,677,003 1,798,664

Elevation (m) 215–1,575 (759)a 180–1,680 (642)a

Slope gradient (�) 0–76 (23)a 0–71 (25)a

aaverage values
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Evaluating a Slope-Stability Model for Shallow
Rain-Induced Landslides Using Gage and Satellite
Data

Soni Yatheendradas, Dalia Kirschbaum, Rex L. Baum, and Jonathan W. Godt

Abstract

Improving prediction of landslide early warning systems requires accurate estimation of the

conditions that trigger slope failures. This study tested a slope-stability model for shallow

rainfall-induced landslides by utilizing rainfall information from gauge and satellite

records. We used the TRIGRS model (Transient Rainfall Infiltration and Grid-based

Regional Slope-stability analysis) for simulating the evolution of the factor of safety due

to rainfall infiltration. Using a spatial subset of a well-characterized digital landscape from

an earlier study, we considered shallow failure on a slope adjoining an urban transportation

roadway near the Seattle area in Washington, USA.

We ran the TRIGRS model using high-quality rain gage and satellite-based rainfall data

from the Tropical Rainfall Measuring Mission (TRMM). Preliminary results with

parameterized soil depth values suggest that the steeper slope values in this spatial domain

have factor of safety values that are extremely close to the failure limit within an extremely

narrow range of values, providing multiple false alarms. When the soil depths were

constrained using a back analysis procedure to ensure that slopes were stable under initial

condtions, the model accurately predicted the timing and location of the landslide observa-

tion without false alarms over time for gage rain data. The TRMM satellite rainfall data did

not show adequately retreived rainfall peak magnitudes and accumulation over the study

period, and as a result failed to predict the landslide event. These preliminary results

indicate that more accurate and higher-resolution rain data (e.g., the upcoming Global

Precipitation Measurement (GPM) mission) are required to provide accurate and reliable

landslide predictions in ungaged basins.

Keywords

Rainfall-triggered � Shallow landslide � Slope-stability model � Satellite products

Introduction

Shallow landslides are caused by intense or prolonged rain-

fall that destabilizes slopes (e.g., Croizer 1986), especially

on steep topography (e.g., Iverson 2000), and are a hazard to

human life and property (e.g., Sidle and Ochiai 2006).

Detailed high-resolution landslide modeling is a challenge

due to the complex spatiotemporal interaction between the

rainfall, the surface soil and the underlying geology. In many

areas of the world, absence or sparseness of rain gages

further complicates forecasting of the landslide timing.
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Satellite-based rainfall estimates are a potential substitute

for gage measurements in landslide forecasts for such areas.

In metropolitan areas like Seattle, Wash in the United

States, landslides occurring on the hillslopes and bluffs pose

a threat to people, property, transportation, utilities and

businesses (http://landslides.usgs.gov/regional/seattle/).

Predicting these landslides is challenging; although rainfall

is the predominant cause, additional factors such as snow

and human activities sometimes can come into play (Bower

2013, NOAA-NWS, Written Communication). Baum et al.

(2010) have shown success in distributed modeling of

landslides in the Seattle area on geologic units of glacial

origin, such as the transition beds including the Lawton Clay

Member of Vashon Drift, and the informally named

Advance Outwash Sand. In our study, we build upon the

work by Baum et al. (2010) to investigate use of satellite

rainfall estimates in making landslide predictions on steep

slopes where rain gage data are not available.

Materials and Methods

The Observed Landslides

The observed landslides evaluated in this study occurred on

the night of Sunday, March 13, 2011, near and along the

1700 block of Mukilteo Speedway near 19th Drive, north of

Seattle, Washington (see Fig. 1a). Multiple small landslides

were triggered by excessive rainfall over the weekend, some

of which blocked the roadway (Kirschbaum et al. 2009).

Model and Data Used

We used the spatially distributed USGS model called

TRIGRS (Transient Rainfall Infiltration and Grid-based

Regional Slope-stability analysis) for simulating the evolu-

tion of the factor of safety due to rainfall infiltration (Baum

et al., 2010). Most of the TRIGRS equations are in linearized

form, enabling rapid computation of slope failure over large

domains.

The elevation grid used for this study has a horizontal

resolution of 1.83 m (6 ft) (Haugerud et al. 2003). These

elevations provided the slope grid values, which were further

used by Baum et al. (2010) to derive the grid of vertical soil

depths, dLZ (L), using the following empirically fitted expo-

nential function of slope for this domain:

dLZ ¼ 5:0e�0:04δ ð1Þ

Here, δ is the slope angle in degrees. Such specific expo-

nential or power laws and their associated parameters are

site-specific variations of the original DeRose (1996) power

law relation. Soil properties are the same as those used by

Baum et al. (2010), and are based on earlier geologic

mapping and field studies using slug tests, open-tube capil-

lary rise tests, constant flux permeameters, and direct shear

tests (Minard 1982; Lu et al. 2006; Godt and McKenna

2008).

Hourly rain gage observations came from the NOAA

NCDC web site (http://www.ncdc.noaa.gov) for the

Snohomish County Automated Surface Observing System

gage that is located ~3 km southeast of the study domain.

Satellite rain data were extracted from the Tropical Rainfall

Measurement Mission (TRMM) V7 retrospective data and

have a 3-hourly, 0.25� resolution. Figure 2a, b compares the

TRMM V7 estimates with rain gage data. We also used the

same long-term background infiltration rate of

1.5 � 10�7 m/s as Baum et al. (2010), or the equivalent of

about 180 mm in 2 weeks. However, we see no difference in

the results when using a value of zero for this rate and note

the insensitivity to this parameter.

Consistent with Baum et al. (2010), we assumed an initial

depth to the water table equal to the soil depth. This is

because a few days of no rain existed prior to the start time

of the model run during the early morning on the 9th of

March, and the corresponding initial Factor of Safety (FS) is

slightly above 1, indicating that these initial conditions are

just stable enough for the steep slopes associated with the

observed landslides.

Constraining the Soil Depth

TRIGRS has a choice of specifying finitely versus infinitely

deep impermeable basal boundary. For the finitely deep case

applied by Baum et al. (2010), the simulated water table

increases monotonically during the entire simulation;

whereas for the infinitely deep case the water table decreases

during periods of no rain (Fig. 2c). The outwash sand and till

at this site are porous and drain rapidly after rainfall. There-

fore, for this study we applied the infinitely deep model case

to evaluate this landslide event.

Preliminary simulations using rain gage forcing and soil

depth based on (1) indicate that steeper slope values fail

multiple times during the simulation, including on the days

prior to that of the observed landslides. This is because of the

extremely narrow range of variation of the Factor of Safety

(FS) values during the simulation for high slope values,

combined with an extremely close proximity to the failure

threshold of 1. Consequently, we used back analysis to

constrain soil depth so that simulated time of failure using

gage rainfall data would fall within the timing window of the

observed landslides. This created a baseline for checking

performance of the TRMM data.
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Fig. 1 Maps of the considered small domain onMukilteo Speedway: (a) Google Maps image, (b) Slope, (c) Geology, and (d) maximummodelled

failure extent using gage rain forcing
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Fig. 2 Rain inputs and TRIGRS outputs for the period of March 9th

through 15th, 2011 (maximum domain slope is 52�): (a) TRMM rain,

(b) Gage rain (3 km SE of study site), (c) Fractional water table depth

on the informally named Advance Outwash Sand or Qva geology type

(see Fig. 1c), where solid lines are outputs from gage rain on higher

slopes, and dashed blue line is output from TRMM rain on the highest

slope of 52�, and (d) same as (c) but showing Factor of Safety instead.

Subplot (d) also shows horizontal black solid failure threshold line, red
patch denoting approximate time duration of observed landslides (night

of the 13th), and blue patches denoting failure times on highest slope of

52� due to gage rain
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The 1-D FS used in this study may indicate slope insta-

bility prior to the actual landslide event. A 3-D FS that

intrinsically has slightly more conservative criteria may

better represent reality (Baum et al., 2012). For this prelimi-

nary case we assumed that the FS value should reach the

failure threshold only during the observed landslide events.

Since the elevational, hydrological and hydromechanical

properties are well characterized for this domain based on

the study by Baum et al. (2010), the soil depth parameter

became the primary candidate to be constrained. Also, since

the slope was derived using a high-resolution DEM and the

depth was derived from the slope (1) using an empirical

“best-fit” model, it is acceptable to slightly constrain or

perturb these soil depths using an FS condition while pre-

serving the slopes.

Taylor (1948) characterized failure using the one-

dimensional infinite-slope stability equation where the FS

(Fs, dimensionless) is the ratio of resisting basal Coulomb

friction to the gravitational downslope basal driving force:

Fs Z; tð Þ ¼ tan∅0

tan δ
þ c

0 � ψ Z; tð Þγw tan∅0

γsZ sin δ cos δ
ð2Þ

Here, Z is depth (L), t is time (T), ∅0 is the soil friction

angle for effective stress (dimensionless), c0 is the soil cohe-
sion for effective stress (M/LT2), ψ is the pressure head (L),

γw is the unit weight of water (M/L2T2), and γs is the unit

weight of soil (M/L2T2). Our study starts with an initial

water table at the bottom, thus assigning a zero value to ψ
in this equation.

Since the initial FS values for the steepest slopes are just

slightly above 1, we used (2) to calculate the soil depths for

an FS minimum constraint of 1.05 (or 5 % above 1). This

arbitrary choice for the initial factor of safety slightly

reduces the soil depths calculated using (1) for slope values

greater than ~40� (Table 1). This soil depth adjustment is

also compatible with our infinitely deep basal boundary

choice for the TRIGRS model.

Results

Figure 2d, using constrained soil depths and gage rainfall,

shows that the simulated slope failure initiates correctly

during the evening of the 13th of March and not before.

Figure 1d shows multiple small failed pixel clusters, consis-

tent with reports of the observed landslides.

TRIGRS simulations using the TRMM V7 forcing were

unable to initiate slope failures. For the Advance Outwash

Sand (Qva, Fig. 1c) informally named geologic unit, the

saturated hydraulic conductivity of 5 � 10�5 m/s is much

higher than the rain intensities (<5 � 10�7) during the sim-

ulation period. The TRMM rain-forced simulation thus has a

lower volume of rain infiltrating and consequently a lower

water table than the gage rain-forced simulation that leaves

the slopes stable.

Discussion and Ongoing Work

Use of a 3-D FS formulation that incorporates the effects of

resistance provided by adjacent cells (Baum et al., 2012)

instead of the 1-D FS used in this study can potentially

provide higher FS and less frequent slope failures using

gage rain data. This might also preserve the Baum et al.

(2010) characterization of soil depths for this domain, and is

part of an ongoing study.

Our results indicate that TRMM rainfall estimates are too

low to drive landslide predictions using a spatially

distributed model such as TRIGRS. The higher spatiotem-

poral resolution, accuracy and discrimination between rain

and snow in the upcoming Global Precipitation Measure-

ment (GPM; http://gpm.nasa.gov) satellite mission holds the

promise of better rain fields and improved global landslide

predictions using spatially distributed models.
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Landslide Susceptibility Modeling on Regional
Scales: The Case of Lower Saxony, NW Germany

Martin Klose, Daniel Gruber, Bodo Damm, and Gerhard Gerold

Abstract

This paper presents a regional landslide susceptibility model for the Federal State of Lower

Saxony, NWGermany. A modified Information Value approach has been developed, which

uses bivariate statistics to identify the spatial probability of landslide occurrence.

To optimize the approach for regional applications, several modifications have been

made: landslide pixel mapping is replaced by point representation and the weighting

function uses landslide densities based on attribute areal coverage. The input data of the

landslide susceptibility model include a spatial inventory of about 900 landslides and

different data sets of geomorphometry, lithology, and land use.

The model predicts that about 2 % of Lower Saxony shows significant landslide

susceptibility. Most of the unstable terrain is concentrated in three key areas in the

Lower Saxon Uplands. The spatial patterns of landslide susceptibility are strongly

correlated with the regional relief. The most relevant predisposing factors are slope

gradients between 21� and 49� as well as different types of Mesozoic sedimentary rock,

especially lime- and claystone formations. In conformity with lithology, land use can be of

stabilizing or destabilizing influence, but its significance is less important.

The developed approach provides the capability to manage critical problems of regional

data processing and proves to be an effective modeling tool for regional applications.

Although the model validation indicates good predictive power and high spatial accuracy,

the study has shown that regional landslide susceptibility modeling has major data-related

and conceptual deficits. Some of these shortcomings are discussed in this paper in detail.

Keywords

Landslide susceptibility modeling � GIS � Large spatial scales � Information Value

approach � Regional application � Lower Saxony (NW Germany)

Introduction

The ultimate goal of regional landslide susceptibility

modeling is to gain knowledge of the broad spatial patterns

of potential slope instability and to support decision makers

in the pre-selection and delineation of landslide hazard pri-

ority areas. Landslide susceptibility is simply defined as the

spatial probability of landslide occurrence and can be

modelled by applying a variety of GIS-based approaches

(Van Westen et al. 2006). One key assumption says that

future landslides will most likely occur in the same
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physiographic setting as in the past. This enables the evalua-

tion of landslide susceptibility on the basis of various

geofactors and their past influence on slope instability

(Guzzetti et al. 1999).

Most of today’s landslide susceptibility assessments use

statistical methods. Their core idea is to derive landslide

susceptibility on the basis of spatial landslide densities and

numerical geofactor weights. Among the most common

bivariate methods are the Information Value approach and

the Weights-of-Evidence model. A special feature of multi-

variate techniques is their capability to analyse the correla-

tion and interaction between geofactors. As a result of

simple statistical concepts, bivariate methods tend to have

lower data requirements, which offers advantages for large

spatial scales, because of reduced availability and quality of

data (Süzen and Doyuran 2004).

Up until now, landslide susceptibility modeling has

mostly concentrated on local to sub-regional levels. True

regional perspectives that integrate different physiographic

areas or larger territorial units remain exceptional so far. On

large spatial scales, landslide susceptibility modeling is

faced with special challenges, including data deficits and

conceptual limitations (Klose et al. 2014).

In the present study, a modified Information Value

approach is developed to model regional landslide suscepti-

bility in the Federal State of Lower Saxony, NW Germany.

Using the example of this case study, the paper provides

ideas and practical solutions to address some crucial weak

points of landslide susceptibility modeling on regional

scales.

Study Area

The German Federal State of Lower Saxony is located in the

transition between the North European Plain and the Central

European Uplands and covers an area of about 47,600 km2.

In the southern part of this region, the Lower Saxon Uplands

form a distinct mountain area with moderate relief intensity

(Fig. 1). One major part of the Lower Saxon Uplands

constitutes the Palaeozoic basement complex of the Harz

Mountains. A typical cuesta landscape of Mesozoic fault-

block mountain ranges is developed in the Weser-Leine

Uplands, where deep-cut river valleys also characterize the

regional relief conditions.

Landslides occur in the Lower Saxon Uplands almost

every year. Their types and mechanisms are often complex,

but most widespread are shallow slide processes in soil

material. Such as landslide volume, which usually is

<300 m3, but can reach up to 500,000 m3 in case of large

slope movements, landslide velocity varies strongly, ranging

from creeping to extremely rapid movement (Klose et al.

2012). In general, landslide activity is controlled by different

predisposing factors. Besides mechanical soil properties and

structural bedrock parameters, high soil moisture levels and

human slope modification play a major role in landslide

initiation (Damm et al. 2010).

Methods

General Overview and Limitations on Regional
Levels

Landslide susceptibility modeling on the basis of GIS and

bivariate statistics usually follows a standardized workflow

with several milestones (Aleotti and Chowdhury 1999).

Most of them and their different steps find their way into

the present research design, but must be partly modified,

since the regional focus has a major influence on the investi-

gation process and its efficient organization. In general,

input data are, like model formulization, always less than

perfect, a fact that is especially on regional levels of key

importance (Klose et al. 2014).

Information Sources and Input Data Generation

This study uses information on landslide occurrence stored

in a landslide database (Damm 2013) and extracted from

historical landslide distribution maps. The available data sets

are compiled in a spatial landslide inventory that includes

the geographic coordinates of 889 landslide sites in the

Lower Saxon Uplands and adjacent lowland areas. Informa-

tion on geomorphometry is derived from the ASTER Global

Digital Elevation Model (ASTER GDEM), whereby slope

gradient, plan curvature, and slope aspect are explicitly

considered in the analysis. Lithology is represented in the

model on the basis of a generalized geologic map

(>1:500,000), which differentiates the major types of

Palaeozoic basement and Mesozoic sedimentary rock. Fur-

thermore, the model integrates basic land-use data of five

different land-use categories, including forest, grassland,

arable land, and urban area.

Geofactor Weighting Using an Information
Value Approach

The modeling technique applied for geofactor weighting is

known as the Information Value method (Yin and Yan

1988). In this approach, an information value I is calculated

as a numerical weight for each geofactor attribute A(i). The

value of IA(i) describes the contribution of A(i) to former
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landslide occurrence and can be expressed in terms of prob-

ability as follows (Wang and Sassa 2005):

IA ið Þ ¼ P B=A ið Þf g
P Bf g i ¼ 1, 2, 3, . . . , nð Þ ð1Þ

where P{B/A(i)} is the landslide probability in the presence

of A(i) and P{B} is the overall landslide probability. Since a

probability concept is problematic in a data-driven approach,

frequency statistics are used to specify this probabilistic

relationship. Therefore, (1) is converted to an expression of

the following form (modified after Yin and Yan 1988):

IA ið Þ ¼ ln
NA ið Þ=SA ið Þ

N=S
i ¼ 1, 2, 3, . . . , nð Þ ð2Þ

where NA(i) is the number of landslides in attribute class A(i),

N is the number of landslides in the entire territory, SA(i) is

the total area of attribute class A(i), and S is the total area of

the entire territory. Thus, (2) derives IA(i) by opposing the

landslide density of a certain factor attribute to that of the

entire study area. In consequence, attributes having positive

values of IA(i) are likely to promote instability, while other-

wise their influence can be interpreted as negative. It holds

that the higher the value of IA(i) the stronger this relationship
(Wang and Sassa 2005).

The geofactor weights are used to calculate the final

susceptibility index SI(x) that describes the landslide predis-
position of the basic mapping unit. SI(x) is defined as the

sum of all values of IA(i) in a defined grid cell x and can be

computed as follows (modified after Wang and Sassa 2005):

SI xð Þ ¼
X

ln
NA ið Þ=SA ið Þ

N=S
i ¼ 1, 2, 3, . . . , nð Þ ð3Þ

Fig. 1 Location and

physiographic overview of the

Federal State of Lower Saxony,

NW Germany (derived from

ASTER GDEM, a product of

METI and NASA)
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Special Modifications for Regional Applications

The modifications of this modeling approach intend to sim-

plify both data processing and interpretation. To meet the

specific requirements on regional levels, the weighting func-

tion uses landslide densities based on attribute areal cover-

age, whereby landslide pixel mapping is replaced by point

representation. This concept localizes each landslide site by

a single data point, reducing its spatial extent to the area of

only one grid cell. The geocoding of large slope movements

is based on the spatial reference of the main scarp or the top

of the displaced mass. Subsequently, landslide density is

derived by putting the number of landslides per attribute

class in relation to the areal coverage of the respective

attribute. The obtained density values clearly reveal the

spatial landslide significance, providing easily interpretable

data on the amount of landslides per km2.

Results

Landslide Controlling Factors and Susceptibility
Classes

This specific model setup leads to the result that slope gradi-

ent is identified to be the major controlling factor of slope

instability in Lower Saxony (Table 1). A majority of

landslides occurs at slope gradients between 0� and 49�,
where slopes between 21� and 49� are found to be critical.

The analysis reveals that slopes with a high degree of plan

curvature show a substantial tendency to landslides. Slope

aspect is proven to be a controlling factor of only subordinate

relevance. Most landslides are related to Mesozoic sedimen-

tary rock, especially the attribute classes sand-/limestone and

clay-/limestone, which a have strong positive effect on land-

slide occurrence. Alternatively, greywacke/clay shale and

Quaternary lowland deposits are ascertained to be negatively

associated with slope instability. More than 70 % of the

recorded landslides are located in forest areas, which results

in a positive information value. While the effects of urban

land use are estimated to be widely negligible, grassland and

arable land show clear stabilizing influence and are nega-

tively correlated with landslide occurrence.

The value of the susceptibility index ranges from�7.09 to

12.10 and is displayed in the final map in four categories,

namely no, low, moderate, and high predisposition. In this

study, an expert-based classification is complemented with

the technique of equal intervals. The scaling of the susceptibil-

ity levels by comparative data analysis recommends setting

the lower boundary of landslide susceptibility to a value of

3.00. Index values above this threshold suggest a significant

landslide predisposition, whose levels are specified by using

three different classes with equal intervals. This guarantees

coherent class occupancy and finally results in a less conser-

vative delineation of landslide susceptibility zones.

Spatial Patterns and Key Areas of Landslide
Susceptibility

The landslide susceptibility model estimates that about 2 %

of the territory of Lower Saxony is potentially affected by

mass movements (Fig. 2). A majority of this area belongs to

the lowest landslide susceptibility class, which constitutes

Table 1 Information values calculated for the attribute classes of the

considered geofactors

Geofactors and

attribute classes A(i)
Information value

IA(i)
Geomorphometry

Slope gradient

0�–7� �1.71

7�–14� 0.01

14�–21� 2.43

21�–28� 4.07

28�–35� 4.69

35�–42� 4.85

42�–49� 4.72

49�–90� 0.00

Slope curvature

Strong convex 3.22

Convex 0.05

No curvature �1.00

Concave 0.13

Strong concave 2.65

Slope aspect

N 0.17

NO 0.27

O 0.29

SO �0.10

S �0.10

SW �0.04

W �0.02

NW �0.11

No aspect 0.00

Lithology

Quaternary lowland deposits �2.56

Marlstone 0.52

Clay-/limestone 2.69

Sand-/limestone 1.31

Greywacke/clay shale �1.01

Granite 0.00

Land use

Forest 1.05

Grassland �0.95

Arable land �1.82

Urban area 0.40

Other land use type 0.00
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77 % of the landslide-prone terrain. Moderate landslide

predisposition refers to 22 % of the unstable ground. This

corresponds to an area of about 200 km2. In total, an area of

more than 14 km2 is identified to be of high landslide

susceptibility.

In Lower Saxony, slope instability is widely determined

by the spatial patterns of the regional relief configuration.

Three key areas of significant landslide susceptibility can be

differentiated: first, a zone of moderate to high landslide

predisposition is present along the crests of the main scarps

and ridges of the Weser-Leine Uplands; second, clusters of

high spatial probability of landslide occurrence are located

in theWeser river valley; and third, the Harz Mountains are a

main landslide distribution area, where substantial landslide

susceptibility can be found on many valley sides. In addi-

tion, there are isolated zones of high predisposition to

landslides, whose locations yet do not follow clear spatial

patterns.

Model Validation

The model validation is based on the concept of the success

and prediction rate (Chung and Fabbri 2003). To perform the

validation, the spatial landslide inventory was split into a

modeling and validation set, whereby 15 % of the recorded

landslides are classified to the validation set by random selec-

tion. The success rate measures how precisely the model

reproduces the landslides of the modeling set. In total, 88 %

of the landslides included in the model refer to the most

susceptible 10 % of the study area. Alternatively, the predic-

tion rate specifies how well the landslides of the validation set

are predicted by the model. This rate identifies that 92% of the

independent landslides are located in the most unstable 10 %

of the Lower Saxon territory. Both rates prove the accuracy of

the model, but are no indicator of its general plausibility.

To test the conditional independence of the input data,

contingency statistics and the χ2-test are used. A corrected

Fig. 2 Landslide susceptibility map for the Federal State of Lower

Saxony. Slope instability is widely restricted to the Lower Saxon

Uplands illustrated in detail. Two transects display the spatial patterns

of landslide susceptibility in the Weser-Leine Uplands and the Harz

Mountains (base map derived from: ASTER GDEM, a product of

METI and NASA; geodata provided by the Department of Geo-

Information and Land Development of Lower Saxony LGLN)
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contingency coefficient of 0.59 proves a clear spatial associa-

tion between slope gradient and land use. This is verified by

the χ2-test, which rejects the null hypothesis, indicating that

conditional independence is violated. The problem of data

dependency is exclusively related to the correlation of these

two geofactors.

Discussion

The proposed landslide susceptibility model is specially

designed for investigations on large spatial scales, but even

though its regional application leads to positive results, there

are still enormous conceptual drawbacks. One key assump-

tion of every statistical landslide susceptibility model is the

conditional independence of its input data. Significant data

dependency is tested to be existent between slope gradient

and land use. This dependency is rarely addressed in litera-

ture, although land use patterns suggest its omnipresence,

especially in Central Europe. However, this correlation is

verified to have no vital impact on hazard zonation, as it only

overestimates the total value of landslide susceptibility, but

does not disturb the statistical relations in the susceptibility

scale.

A regional perspective implies not only critical data limi-

tation, but also requires special data properties. For example,

medium- and large-scale geologic maps are often too precise

in their lithological representation, as a high level of detail

implicates many rock type classes showing low landslide

frequency, wherefore useful correlations are hardly able to

emerge. In this study, a generalized geologic overview map

is most suitable, although it has the drawback that some

lithological classes are not mutually exclusive. This conflicts

with conditional independence, but has to be accepted, since

no alternative data sources are available.

Usually, ASTER imagery shows general applicability in

regional studies, but deficits in its spatial accuracy reduce

model quality. As result of view and image geometry, slope

gradient derived from such a DEM is negatively correlated

to the size of its grid cells, which implicates a lack of

topographic exactness, if applying a DEM with low to

medium resolution (Zhang et al. 1999). This type of error

is of high relevance, as cross-checking with ground truth

data clarifies. In general, there is a systematic bias towards

underestimating slope gradient, which primarily affects

steep slopes in areas of high terrain variation. The analysis

proves a negative deviation of up to 5� to 10� at some

landslide sites, a serious error that needs to be addressed in

future.

On regional levels, it finally raises the question of

whether it is possible to achieve plausible modeling results

when using slope gradient as the only input variable. Such an

approach reduces the data requirements and simplifies the

investigation process. The validation of a respective model

proves its capability for reliable landslide prediction for

Lower Saxony. Thus, the slope-based susceptibility model

reproduces the susceptibility model based on

geomorphometry, lithology, and land use (Fig. 2) with

almost 80 % accuracy, as the comparison of both success

rates shows.

Conclusions

This study presents a modified Information Value

approach, which is proven to have good predictive power

and the capability to identify areas of potential slope insta-

bility with high spatial accuracy. The developed landslide

susceptibility model is well-qualified for regional

applications, as it provides an effective method to over-

come some major data-related drawbacks on large spatial

scales. Although the model is tested to yield results of

positive reliability, the analysis reveals further conceptual

limitations, which are of fundamental character.
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Regional Scale Landslide Susceptibility Mapping in
Emilia Romagna (Italy) as a Tool for Early Warning

Daniela Lagomarsino, Samuele Segoni, Riccardo Fanti, Filippo Catani,
and Nicola Casagli

Abstract

The Emilia Romagna region (22,446 km2, Northern Italy) is widely affected by landslides.

The Civil protection Agency of the Emilia Romagna Region uses a regional scale warning

system (WS) for the management of the risk related to rainfall induced landslides. The WS

is used to perform a temporal forecasting of landslides, as it provides an alert level for each

of the eight subdivisions (called alert zones—AZ) of the regional territory.

To improve the spatial information of the WS, we developed a susceptibility map and

we tested the feasibility of coupling the temporal forecasting of the WS with the spatial

forecasting of the susceptibility map.

To map the landslide susceptibility at regional scale, we adopted a simple implementa-

tion of the Random Forest (RF) classification family. Random forest is a combination of

tree (usually binary) Bayesian predictors that allows relating a set of contributing factors

with the actual landslides occurrence. As a non-parametric model, it is possible to incorpo-

rate a wide range of numeric or categorical data layers and there is no need to select

unimodal training data.

Many classical and widely acknowledged landslide predisposing factors have been

taken into account as mainly related to lithology, land use and morphometry (primary

and secondary attributes derived from the DTM). The use of random forest enabled us to

estimate the relative importance of the single input parameters and to select the optimal

configuration of the regression model: an automated procedure selected the optimal

configuration of parameters discarding the uninfluential and the pejorative ones. To

develop the susceptibility map we considered the parameter set characterized by the lowest

misclassification probability. To calibrate the model we used a training set and a test set

considering the 10 % of the study area with random sampling. Following this approach we

obtained a regional scale susceptibility map with 100 m resolution.

We verified that the majority of the landslides forecasted by the WS in the past 7 years

(this dataset is completely independent from the one used for the susceptibility assessment)

occurred in areas mapped as highly (53 %), very highly (26 %) or moderately (19 %)

susceptible to landsliding. Therefore, we concluded that the regional scale susceptibility

map can be fruitfully exploited by Civil Protection Authorities to better focus their efforts

in case of warnings issued by the regional warning systems.
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Introduction

Given the large amount of casualties and damages caused in

the world by landslides (Petley 2012), the forecasting of their

occurrence bymeans of warning systems is a largely discussed

research topic. However, when the area to be monitored is

large (e.g. thousands of square kilometres), it is not straight-

forward to perform at the same time both spatial and temporal

forecasting. Regional scale warning systems are often based

on statistical rainfall thresholds, which can be easily imple-

mented to forecast the temporal occurrence of landslides

(Caine 1980; Aleotti 2004; Guzzetti et al. 2008; Rosi et al.

2012). The main drawback of this methodology is a poor

resolution of the spatial forecasting: thresholds are applied to

the whole areal extent encompassing the events used for cali-

bration, without giving hints about the specific location of

future landslides initiation. To refine the spatial resolution of

such models, in recent years some authors (e.g. Martelloni

et al. 2012) proposed a mosaic of several local thresholds

instead of a single regional threshold: this approach leads to

relate the warnings to a more restricted areal extent, but cannot

guarantee to an accurate localization of the landslides. Con-

versely, landslide susceptibility maps are static instruments

that define for a given area the predisposition of the territory

to be affected by a landslide (Brabb 1984). In other words,

susceptibility maps are used to assess where a landslide should

be expected, but they do not contain any temporal information

about when a landslide will occur. Several methods were

implemented to assess susceptibility maps: most of them are

based on classification and regression techniques, such as

discriminant analysis (Carrara 1983; Baeza and Corominas

1996), logistic regression (Hosmer and Lemeshow 2000; Lee

2005; Manzo et al. 2012), linear regression (Atkinson and

Massari 1998) or Bayesian methods (Yilmaz 2010). In this

work we used a simple implementation of Random Forest

(Breiman 2001), a methodology that only recently has been

applied to landslide susceptibility assessments (Vorpahl et al.

2012; Catani et al. 2013). The integration between the suscep-

tibility map and the warning system of the Emilia Romagna

region (Martelloni et al. 2012; Lagomarsino et al. 2013) is used

in this work to test the possibility to improve the spatio-

temporal forecasting of landslides within regional scale early

warnings.

Material and Methods

Study Area

The study area is the Emilia Romagna region (Northern

Italy), excluding the alluvial Po plain, a flat territory located

to the North-East (Fig. 1).

The area is dominated by the Apennines, a folds and

trusts belt with a maximum elevation of 2,165 m, which

from a geological point of view is mainly constituted by

turbidite deposits where layers of massive rock (mainly

sandstones and calcarenites) alternate with layers of pelites

and where both kinds of layers have a very variable thick-

ness (ranging from centimetres to hundreds of metres). Other

very frequent lithologies are clayey lithologies and

evaporites. The study area is widely affected by both shallow

(soil slips and rapid flows) and deep-seated landslides

(mainly rotational–translational slides, slow earth flows,

and complex movements).

Temporal Forecast Model

The Civil Protection Agency of the Emilia Romagna Region

uses a regional scale warning system for the management of

the risk related to rainfall-induced landslides, called SIGMA

(Sistema Integrato Gestione Monitoraggio Allerte). The

model is based on the concept that exceptionally intense or

exceptionally long rainfalls are responsible for triggering

landslides (Martelloni et al. 2012; Lagomarsino et al.

2013) and also accounts for snow-melt phenomena

(Martelloni et al. 2013).

The operative system divided the regional territory into

eight districts, called Alert Zones (AZ), each of these is

subdivided into several Territorial Units (TU), defined on

the basis of different physiographic and environmental

features. For each TU a reference rain gauge is selected: its

historical daily recordings were collected and used to build

the time series of rainfall cumulates from 1 to 243 days

(Fig. 2). A statistical analysis is then carried out in order to

define rainfall thresholds based on outlier rainfall values,

quantitatively identified by multiples of the standard devia-

tion. The decisional algorithm at the core of the model is

based on the comparison between rainfall recordings and the

abovementioned thresholds: the model provides a daily

Fig. 1 Study area
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criticality level for each TU using the four alert levels

adopted in the civil protection procedure: “absent”, “ordi-
nary”, “moderate” and “high” (Martelloni et al. 2012;

Lagomarsino et al. 2013). The outputs of the TU belonging

to the same Alert Zone are aggregated according to a proce-

dure described in Lagomarsino et al. (2013): for each TU a

weight is calculated dividing the area affected by landslides

with respect to the landslide area of the whole alert zone. The

alert zone level is determined by adding the level of each TU

multiplied by its weight: a value from 0 to 3 is obtained and it

is then related to the alert level used by the Civil Protection

Agency.

An alert level for an entire alert zone is obtained, as

required by civil protection procedures. The SIGMA warn-

ing system can be conveniently used to forecast the temporal

occurrence of landslides, but as similar threshold-based

models, has a very coarse spatial resolution, as warning

levels are issued for each TUs, which have a typical areal

extent of about 500 km2. To get more detailed information

about where an event will occur, a more accurate spatial

prediction analysis is required.

Susceptibility Map

To develop the regional susceptibility map, we used a simple

implementation of the random forest (RF) classification

family, based on the treebagger object in Matlab. Random

forests are an ensemble learning method for classification

that work by constructing a multitude of Bayesian decision

trees considering a random selection of training dataset,

applying bootstrapping technique (Breiman 2001). The

data excluded from the construction of the model are called

out-of-bag. Compared to traditional methods it has the

advantage of being able to consider as landslide conditioning

variables (LCVs) both numerical and categorical variables,

regardless of the statistical distribution of the values of the

various parameters. Furthermore, the application of this

methodology allows evaluation of the contribution of each

parameter to the classification: for any variable, the measure

is the increase in classification if the values of that variable

are permuted across the out-of-bag observations (Liaw and

Wiener 2002; Bachmair and Weiler 2012). The choice of the

type and the number of the input parameters is a fundamental

step in the susceptibility assessment process (Carrara and

Guzzetti 1995; Guzzetti et al. 1999; Pradhan and Lee 2010;

Manzo et al. 2012; Catani et al. 2013). In this work we used

the LCVs described in Table 1.

The source data are represented by a cell of 20 � 20 m: to

perform the calculation of the susceptibility, the average

value inside a cell 100 � 100 m is calculated. For each of

these parameters were also calculated the standard deviation

for numeric variables and the variety for the categorical

ones, always inside a window of 100 � 100 m, considering

the variability of 25 cells.

Furthermore, we used the Italian Landslide Inventory—

Progetto IFFI (Inventario dei Fenomeni Franosi in Italia), that

collects on a national scale about 486,000 landslides: regard-

ing the Emilia Romagna region the mapping was carried out

at the 1:10,000 scale, for a total of 70,037 landslides.

Relying on Catani et al. (2013), it was decided to use

10 % of the points of the area for the training set and 10 %

for the test: both sets of points were randomly sampled.

To find the optimal configuration of the parameter set, the

training set is used to build the model with the complete

LCV set, then, iteratively, the least important feature is

removed from the parameter set. Each feature subset is

applied to the test set: we chose the configuration which

Fig. 2 SIGMA warning system

configuration
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involves the lowest value of misclassification probability

(MP) (Catani et al. 2013). The result of this operation

is shown in Fig. 3, which represents the importance of

the different variables to varying LCV number. At

each iteration, the least important parameter is excluded

from the model and it is shown in gray in figure. The

black box highlights the best configuration, which takes

into account 21 LCVs and excludes the following LCVs:

variety of lithology, combo curvature, combo curvature

variety and land use variety. This configuration is

characterized by the lowest MP value (0.21), computed on

the test set.

Table 1 Landslide conditioning variables

Input parameter Description

Elevation DEM value

Elevation STD DEM standard deviation

Slope mean Mean value of slope within a 100 m cell

Slope max Maximum value of slope within a 100 m cell

Slope STD Slope standard deviation

Curvature The second derivative of elevation computed in every direction

Curvature STD Curvature standard deviation

Profile curvature The second derivative of elevation computed in the direction of maximum slope

Profile curvature STD Profile curvature standard deviation

Planar curvature The second derivative of elevation computed orthogonally to the direction of the maximum slope

Planar curvature STD Planar curvature standard deviation

Combo curvature Categorical variable obtained by the combination of planar and profile curvature: 9 different classes are possible

Combo curvature variety Combo curvature variety

Aspect Categorical variable that represents the orientation in the space. It is divided into 9 classes that represent the main

8 cardinal directions and one class for flat areas

Aspect variety Aspect variety

Flow Accumulation The upslope contributing area

Flow accumulation STD Flow accumulation Standard deviation

Log Flow Accumulation Logarithm of the flow accumulation

Log Flow Accumulation

STD

Log Flow Accumulation Standard deviation

Topographic Wetness

Index (TWI)

Ln(Flow accumulation/tan slope)

TWI STD TWI standard deviation

Lithology The geological formations are divided into 8 classes

Lithology Variety Lithology variety

Land Cover The land cover is represented by 9 different classes

Fig. 3 Importance of LCVs: for each iteration of feature selection. The black box highlights the best configuration
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Results

The model returned for the whole Emilia Romagna Region a

raster map in which the probability that a pixel belongs to the

class “landslide” is represented by a continuous value

between 0 and 1.

The values are then reclassified into four classes,

obtaining the 100 m resolution susceptibility map showed

in Fig. 4. According to Frattini et al. (2010), we built a ROC

(receiver operating characteristic) curve for the quantitative

assessment of the susceptibility map. The ROC curve shown

in Fig. 5 is obtained by comparing the landslides in the IFFI

database and the susceptibility value in the whole area, and

the AUC (Area Under Curve ) value (0.71) indicates a good

model performance.

Fig. 4 Susceptibility map of

Emilia Romagna region. The TU

of the SIGMA warning system

are also reported
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Discussion and Conclusion

The main goal of a susceptibility map is to represent

where the territory is affected by landslides and where

landslides could happen in the future. This information

could be conveniently used in a warning system, as the

susceptibility map could be used to identify the locations

where, after a rainfall, dormant landslides may reactivate

or where new mass movements may be triggered.

To verify the possibility and the usefulness of coupling

the susceptibility map to the Emilia Romagna warning

system, the database of the landslides recorded in the

period 2004–2010 by the Civil Protection Agency has

been used. This database contains the date of occurrence

and the map reference points of 1,670 landslides; it is the

same used to calibrate and validate the SIGMA model

and with respect to the database used for the susceptibility

assessment (the IFFI inventory) is completely indepen-

dent and it was compiled using a different methodology.

As a preliminary test of compatibility between the two

methods, we analyzed the susceptibility class in which

the landslides fall: the majority of landslides were located

in a high susceptibility class (52.6 %), about 25 % of the

events belong to the very high class, 19.4 % to the

moderate class and only 2.4 % of the events were errone-

ously placed within the lower class (Fig. 6).

This preliminary analysis proves that the regional

scale susceptibility map can be fruitfully exploited by

Civil Protection Authorities to better focus their efforts

in case of warnings issued by the regional warning sys-

tem: instead of issuing an alert in a whole alert zone

(typical extent of about 500,000 km2), the susceptibility

map could be used to identify the locations characterized

by the highest probability of being affected by the

triggering of a new landslide or by the reactivation of a

dormant one.
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GIS-Based Probabilistic Analysis of Shallow
Landslide Susceptibility Using a Transient
Hydrogeological Model and Monte Carlo Simulation

Jung-Hyun Lee and Hyuck-Jin Park

Abstract

This study proposes a GIS-based probabilistic analysis method for rainfall-induced shallow

landslide susceptibility over an extensive area by integrating a transient hydrogeological

model with aMonte Carlo simulation. The geomechanical parameters (such as cohesion and

friction angle) used in the slope model have been considered as random variables due to the

uncertainty and variability caused by complex geological conditions and spatial variability.

Therefore, to properly account for the uncertainty in geomechanical parameters, a probabi-

listic analysis method should be used and Monte Carlo simulation was used in this study. In

addition, the transient hydrogeological model was coupled with an infinite slope model to

assess the pore-pressure response caused by transient rainfall infiltration. This process was

performed in GIS-based environments, since GIS has strong spatial data processing capac-

ity. The proposed approach was applied to the Inje area, Korea, which experienced a large

number of landslides in July 2006, in order to evaluate its feasibility. The spatial database for

input parameters and the landslide inventory map were constructed in a grid-based GIS

environment. To evaluate the performance of the model, the results of the landslide

susceptibility assessment were compared with the landslide inventory using receiver

operating characteristics (ROC) graphs. The proposed approach demonstrated good predic-

tive performance when compared with landslide occurrence locations. In addition, the

probabilistic analysis showed better performance than the deterministic analysis.

Keywords

GIS � Infinite slope model � Transient hydrogeological � Monte Carlo simulation

Introduction

Landslides are a common geological hazard experienced

during the rainy season in Korea. They cause the loss of on

average 23 lives each year, which accounts for nearly 25 %

of annual casualties due to natural disasters. Therefore,

prediction of the location and time for rainfall-induced shal-

low landslide occurrence is an important but difficult task.

This is because the occurrence of landslides is controlled

by various spatial and climatic factors. Therefore, GIS (Geo-

graphic Information System) has been widely used to ana-

lyze susceptibility to landslides or their hazards because GIS

has a strong capability for processing spatially distributed

data.

GIS-based landslide hazard assessment methods can be

divided into two categories: statistical methods and process-

based (or geotechnical) approaches. The statistical methods

analyze the statistical relationship between landslide

occurrences and related factors, such as soil type, land use,

slope geometry, vegetation and parent material. However,

statistical methods only consider relationships between

landslide occurrences and related factors, but not the failure

mechanisms. In contrast, the process-based approach
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analyzes the mechanical condition of slopes and evaluates

their stability using mathematical calculations. In this

approach, the physical properties of a particular slope are

obtained from investigations and tests, and a physically

based model is used to evaluate landslide susceptibility.

Most recent physically based models are combined with a

hydrogeological model to evaluate the effect of pore water

pressure, which increases as a consequence of rainfall and

finally triggers shallow landslides.

In the physically based model, sufficient and accurate

information has to be obtained to construct an accurate land-

slide susceptibility map. However, the input parameters used

in this approach should be obtained from a very wide study

area, often with limited sampling; thus, uncertainties are inev-

itably involved in the physically based model analysis. In

particular, the strength parameters of slope materials, such as

cohesion and friction angle, are inherently spatially heteroge-

neous, as the slope material is produced by natural processes

(Baecher and Christian 2003; Carrara et al. 2008; Chowdhury

et al. 2010). Therefore, to deal properly with the uncertainty

and variability in input parameters for the physically based

model analysis, the probabilistic analysis method was used,

considering the strength parameters as randomvariables in this

study. Therefore, Monte Carlo simulation was used for the

probabilistic analysis, with GIS integration. The proposed

approach was applied to assess the feasibility of the approach

and to build a landslide susceptibility map for the study site.

Infinite Slope Model and Hydrogeological
Model

The infinite slope model has been used as a physically based

model for rainfall-induced shallow landslides in many pre-

vious works because of its effectiveness in landslide hazard

analysis (Pack et al. 1998, 2001; Frattini et al. 2004; Huang

et al. 2006; Rosso et al. 2006; Godt et al. 2008; Picarelli et al.

2008; D’Amato Avanzi et al. 2009; Harp et al. 2009; Apip

et al. 2010; Griffiths et al. 2011; Santoso et al. 2011; Ho et al.

2012; Park et al. 2013). According to the National Institute

for Disaster Prevention (NIDP 2000), this model is also

appropriate for Korean landslides, where sliding surfaces

are commonly located at shallow depths. The infinite slope

model has been used previously in site-specific studies, but

the adoption of GIS allows the analysis, modeling and

spatializing of slope stability conditions using this simple

geotechnical model for a broad area (Park et al. 2013).

The factor of safety for an infinite slope can be calculated

as:

FS ¼ c0 þ γ � z� γw � hwð Þ cos 2α tanϕ0

γ � z � sin α � cos α ð1Þ

where α is the slope angle, γ is the unit weight of soil, γw is

the unit weight of water, z is the soil depth from the ground

surface, hw is the saturated soil thickness above the slip

surface, c0 is the effective cohesion and ϕ0 is the effective

friction angle (Coduto et al. 2010). For simplicity, (1)

assumes that the groundwater level in an infinite slope is

parallel to the surface and located at hw.

However, an increase of groundwater level ultimately

causes slope failure; thus, knowledge of the groundwater

level is important for predicting and preventing slope insta-

bility. It is practically impossible, however, to measure the

groundwater levels over an extensive area. Therefore, for

analysis of the pore water pressure regime, the present study

used a hydrological model that can evaluate rainfall-driven

pore water pressure and can be coupled to the infinite slope

model. The hydrogeological model uses analytical solutions

for the pore water pressure response to rainfall and can

be used for shallow landslide hazard analysis. The

hydrogeological model can be classified into two categories

on the basis of the simplifying assumption: steady and tran-

sient models. The steady model assumes that rainfall infil-

tration is at its steady state, and saturated water flows parallel

to the slope surface. In contrast, the transient model

performs transient seepage analysis using the linearized

solution of Richards’ equation (Iverson 2000; Baum et al.

2002). In this study, the transient model was used because it

provides more realistic analysis results. In particular, this

study used the TRIGRS (Transient Rainfall Infiltration and

Grid Based Regional Slope stability analysis) model, which

was developed to account for the transient effects of rainfall

on shallow landslide initiation and combines an analytical

solution for groundwater flow in one vertical dimension with

an infinite slope stability calculation (Baum et al. 2002,

2008; Savage et al. 2004).

Monte Carlo Simulation

As mentioned previously, uncertainties are inevitably

involved in the determination of the strength parameters

because of the very large size of the study area and the limited

number of samples. Therefore, applying the deterministic

approach to an extensive study area can be particularly diffi-

cult or impossible because of the uncertainties and difficulties

in obtaining, checking and processing large spatial data sets

(Zhou et al. 2003). For these reasons, the parameters should be

considered as random variables rather than having single,

deterministic values. Consequently, cohesion and friction

angle were considered as random variables, and probabilistic

analysis was employed to properly account for uncertainty and

variability in input parameters.

The Monte Carlo simulation approach was used as the

probabilistic approach in this study to analyze the
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probabilistic properties of random variables and evaluate the

probability of slope failure. The Monte Carlo simulation is

known as the most complete probabilistic analysis, since all

the random variables are represented by their probability

density function and the probability of failure as the result

of reliability analysis is represented by the probability den-

sity function. The advantages of Monte Carlo simulation are

that it is relatively easy to implement on a computer and it

can deal with a wide range of functions, including those that

cannot be expressed conveniently in an explicit form

(Baecher and Christian 2003). Therefore, in this study,

Monte Carlo simulation was used in the evaluation of the

probability of slope failure. In the simulation procedure,

random numbers between zero and one were generated

from a uniform distribution. Then, using the cumulative

distribution of the probability density function for each

variable, a unique value for each variable was selected

randomly. The group of randomly selected parameters was

combined with the fixed input data to generate a single

random value for the factor of safety. This process was

repeated 5,000 times to generate a sufficient number of

different factors of safety.

Study Area and Spatial Database Construction

The Inje area of Korea was selected as a suitable test site for

the proposed approach. The study site lies between latitudes

38�303.9300N and 38�15058.5500N and longitudes

128�11048.8100E and 128�1808.9900E. The prevalent geologi-
cal unit exposed in the study area is Mesozoic Inje granite.

On 15–16 July 2006, this area experienced heavy rainfall of

322.5 mm, and over 800 landslides were reported.

The accurate detection of landslide locations is important

for landslide susceptibility analysis. For this work, aerial

photographs taken before and after the landslides were

used to detect event locations. For the analysis, digital aerial

photographs with a ground resolution of 50 cm were

obtained from Samah Aerial Survey Co. Ltd and the

National Geographic Information Institute (NGII) of Korea.

Digitized terrain information is used to acquire the slope

angle as a geometric attribute. To achieve this, using 1:5,000

scale topographic maps, a digital elevation model (DEM)

with a 10 m resolution was constructed. Using the DEM, the

slope angle and specific contributing areas for groundwater

flow were calculated. Further, the soil thickness in the study

area was acquired from 1:25,000 scale digital soil maps

produced by the National Institute of Agricultural Science.

In addition, a geological map was used to obtain the

contributing lithology.

In this study, the requisite geotechnical and

hydrogeological soil parameters were obtained from labora-

tory tests for the study area. Soil samples were collected from

the landslide occurrence locations in each geological unit. For

each sampling location, six to nine soil samples were obtained

for the laboratory tests and direct shear tests were performed

to obtain shear strength parameters for each soil type. Labo-

ratory permeability tests were also performed for hydraulic

conductivity of the groundmaterials. The unit weights of each

soil type were also obtained from laboratory tests. However,

as mentioned in previous works (Chowdhury and Flentje

2003; Zhou et al. 2003; Xie et al. 2004; Shou and Chen

2005; Huang et al. 2006; Zolfaghari and Heath 2008; Griffiths

et al. 2011), cohesion and friction angle of slope materials

were considered to be the major sources of uncertainty

because of spatial variability and limited sampling. Thus, in

the probabilistic analysis, cohesion and friction angle were

considered as random variables. To quantify their random

properties, the means and standard deviations for cohesion

and friction angle were evaluated from the results of labora-

tory testing. In addition, the probability density functions

were estimated based on results published by others (Hoek

2007). Previous studies have noted that cohesion and friction

angle were usually normally distributed (Mostyn and Li 1993;

Lacasse and Nadim 1996; Nilsen 2000; Zhou et al. 2003;

Pathak and Nilsen 2004; Park et al. 2005; Liu and Wu 2008,

Zolfaghari and Heath 2008; Wang et al. 2010, Melchiorre and

Frattini 2011; Park et al. 2012, 2013). Thus, a normal distri-

bution was used as the probability density function for cohe-

sion and friction angle in this study.

The precipitation input for the hydrogeological model,

such as rainfall intensity, is one of the most important

parameters to be obtained. Rainfall intensity values for the

hydrogeological model were obtained from the Inje auto-

matic weather system, which is located at latitude 38�30N
and longitude 128�100E, the closest and most representative

rain gauge in the study area. The rainfall intensity for the

study area was obtained from the hourly rainfall records

during the rainstorm on 15–16 July 2006 (Fig. 1).

Evaluation of Model Performance

In landslide susceptibility analysis, model validation is a

fundamental step in determining model performance. Vali-

dation refers to comparing the model predictions with the

real-world data set to assess the accuracy or predictive

power (Begueria 2006). In this study a receiver operating

characteristics (ROC) graph was used to assess the perfor-

mance of models, because the ROC graph is a very useful

tool for visualizing and evaluating model performance and

provides a diagnostic that may be used to distinguish

between two classes (true class and modeled class) of events

(Swets 1988; Fawcett 2006). In ROC analysis, true class

instances (observation or landslide occurrence) are com-

pared with modeled class instances (landslide prediction)
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using a classification model. The observations are classified

as positive or negative depending on whether they indicate

occurrence or non-occurrence of a landslide. Predictions are

classified as yes or no depending on whether they predicted

‘unstable’ or ‘stable’ conditions (Cepeda et al. 2010). Two

important measures of model performance (true-positive

rate and false-positive rate) are commonly used for model

validation. The true-positive rate is the ratio of the number of

true positives to the total number of positives, and the false-

positive rate is the ratio of the number of false positives to

the total number of negatives (Fawcett 2006). These two

metrics are used to plot the ROC graph, which is a two-

dimensional graph in which the true-positive rate is plotted

on the y-axis and the false-positive rate on the x-axis. Model

results that plot toward the upper left of the graph are

generally considered superior on the ROC graph (Godt

et al. 2008). Since an ROC curve is a two-dimensional

depiction of model performance, a single scalar value

representing the expected performance is needed to compare

model performance. A common method is to calculate the

area under the curve (AUC). Since the AUC is a portion of

the area of the unit square, its value will always be between

0 and 1, and the larger the area, the better the model’s
performance.

Results

The probabilistic analysis was conducted following the pro-

cedure using Monte Carlo simulation with the input

parameters listed in Table 1. First, the groundwater levels

for each pixel were calculated using the hydrogeological

model and hydraulic input parameters. TRIGRS model

calculates the groundwater level over time during the rain-

fall and the groundwater levels at 8 h were evaluated for

each pixel with the consideration of landslide occurrence

time. Then, the factor of safety was evaluated for each pixel

using the slope geometry, groundwater levels, and the ran-

domly generated cohesion and friction angle for each cell.

Based on the repeated factor of safety calculations, the

probability of failure for each pixel was obtained from the

factor of safety distribution. Figure 2 shows the spatial

distribution map for the probability of failure calculated

using the coupled infinite slope model with TRIGRS model

and Monte Carlo simulation. As can be seen in Fig. 3, 78.3 %

of actual landslides (or the mapped landslides in the inven-

tory map) were evaluated as unstable, meaning that the true-

positive rate, which is the ratio of the number of correctly

predicted landslide grid cells (true positives) to the total

number of landslide occurrence grid cells (positives), was

calculated as 0.784. In addition, 28.7 % of non-landslide grid

cells were predicted as unstable, which means that the false-

positive rate was 0.287. Thus, the evaluated AUC from the

ROC graph in Fig. 3 was 0.748.

To compare the results of the probabilistic and determin-

istic analyses, a deterministic analysis was also conducted

on the basis of the factor of safety concept. In the determin-

istic analysis, the infinite slope model with TRIGRS model

was used, and the same deterministic input parameters (e.g.,

slope angle and soil thickness) were used to evaluate the

factor of safety. In addition, mean values of the random

variable (e.g. cohesion and friction angle) were used as the

representative single values for the deterministic analysis.

Figure 4 shows the spatial distribution map for the factor of

safety calculated using the coupled infinite slope model with

TRIGRS model. As can be seen in Fig. 3, true-positive rate

and false-positive rate values were evaluated as 0.498 and

0.163, respectively. Then AUC was evaluated as 0.667. As

can be seen in Fig. 3, the point of the probabilistic analysis in

the ROC graph would be located closer to the (0,1) position

than that of the deterministic analysis. In addition, the AUC

value of the probabilistic analysis was higher. Consequently,

when the results of the probabilistic analysis coupled with

the hydrogeological model were compared with those of the

deterministic analysis coupled with the hydrogeological

model, the performance of the probabilistic analysis was

superior.

Fig. 1 Rainfall records of the rainstorm on 15-16 July 2006 in the Inje

area

Table 1 Input parameters used in this study

Geomechanical parameters Mean Standard deviation

Unit weight [kN/m3] 15.4 –

Cohesion [kN/m2] 7.6 5.2

Friction [degree] 31.5 5.5

Hydraulic conductivity [m/h] 0.046 –
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Collapse Landslide and Mudslides Hazard Zonation

Mingxue Liu, Xiang Chen, and Shanni Yang

Abstract

This paper aims at finding out the functional relationship between collapse landslide

mudslides and its impact factors through statistical analysis under logistic regression

model and certainty factor. This study tries to map hazard zonation according the level of

risk of collapse landslide and mudslides occurring in Guizhou Province using GIS techno-

logy. The result shows that the hazard zonation method based on logistic regression model

and certainty factor for collapse landslide and mudslides is effective.

Keywords

Collapse � Landslide � Mudslides � Logistic regression model � Certainty

factor � Hazard zonation

Introduction

Hazard zonation is the basis of collapse landslide and

mudslides forecasting and warning, it is to classify the possi-

bility of collapse landslide and mudslides occurring within

the research area (Wang and Zhong 2009). The collapse

landslide and mudslides refers to geological disasters caused

by natural causes, such rainfall, earthquake, rather than geo-

logical disasters caused by human, for example excavation.

The method of hazard zonation can be selected according

to the size of research area and how detailed the information

for the area. For smaller areas, if the details of the rock and

soil are available, evaluation with appropriate physical

model can be used; for larger areas, if the details of past

collapse landslide and mudslides are abundant, a statistical

model to evaluate it can be adopted (Wang et al. 2004).

Statistical analysis model is a kind of method for

evaluating the risk of collapse landslide and mudslides

occurring in larger areas by use of GIS technology (Zhang

and Zhang 1998). First, different thematic maps should be

drawn to represent different impact factors by taking advan-

tage of GIS spatial analysis; then mathematical operations

can be done with different thematic maps, the new thematic

map we get from the operation will be the result of collapse

landslide and mudslides hazard zonation.

However, there are two problems in practical operation.

One is that the weights of impact factors are influenced by

humans, because they mainly rely on expertise: first is to

decide the impact factor of hazard, and then determine

impact factor weights by use of expert scoring method,

finally complete hazard zoning with all impact factors with

calculation and analysis (Miles and Ho 1999). Another prob-

lem is that heterogeneous data cannot enter mathematical

calculations directly, this means that the impact factors of

occurring collapse landslide and mudslides exist in various

ways. Those can be either in continuous form, such as

ground elevation; or in discrete form, such as rock type

(Dai and Li 2000).
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Theory and Method

To solve these two problems, the statistical analysis method

based on the logistic regression model and certainty factor of

collapse landslide and mudslides occurring is established in

the paper.

Since the probability of the occurring disaster and its

impact factors is not a continuous variable, linear regression

model cannot be applied to this analysis. But log-linear

model can be adopted according to the characteristics of

this study, and logistic regression model is a special form

of log-linear model (Wang and Guo 2001).

Logistic regression model can be expressed as following

(Pan et al. 2009): Defining p as the probability of occurrence

of an event, so the range of p is [0, 1]. Then (1-p) is the

probability of non-occurrence of an event. After calculating

natural logarithm with the ratio of the two, so we can get ln

[p/(1-p)]. Using ln[p/(1-p)] as dependent variable, and

impact factors xi (i ¼ 1,2,3,. . .,n) as independent variables,

then we can get (1) referred to linear regression model as

follow:

ln
p

1� p

� �
¼ B0 þ B1x1 þ B2x2 þ . . .þ Bnxn ð1Þ

where, B0 is regression constant, Bi (i ¼ 1,2,3,. . .,n) are

regression coefficients. Then the (2) of p is as following:

p ¼ exp zð Þ
1þ exp zð Þ

¼ exp B0 þ B1x1 þ B2x2 þ . . .þ Bnxnð Þ
1þ exp B0 þ B1x1 þ B2x2 þ . . .þ Bnxnð Þ

ð2Þ

The relationship between p and z is shown in Fig. 1. If the

range of logistic regression independent variables is smaller,

the range of z will be within [�8, 8], the result of p is

between 0.000 and 1.000; if the range of logistic regression

independent variables is wider, resulting in z < �8 or

z > 8, the p will be out of [0.000, 1.000]. To obtain the

probability of collapse landslide and mudslides occurring,

the impact factors must be transformed into data that are

quantized to 0 and within [�8, 8]. Then it is the certainty

factor that works with these characteristics.

As a probability function, certainty factor (CF) had been

proposed by Shortliffe and Buchanan in the beginning, then

improved by Heckeman (1986), and the expression is as (3).

CF ¼

ppa � pps
ppa 1� ppsð Þ , ppa � pps

ppa � pps
pps 1� ppað Þ , ppa < pps

8
>><

>>:
ð3Þ

where, ppa works as the conditional probability that event

does occur in data class a, and can be defined as the ratio of

occurred hazard area and the total area of data class a under

this circumstances; pps is the priori probability that event

does occur in all data class, and can be defined as the ratio of

occurred hazard area and the area of all data class. The range

of CF from (3) is [�1, 1]. If CF is closer to 1, it indicates that

the probability of event occurring is greater, this means that

the probability of occurring hazards is close to 1; If CF is

closer to �1, it indicates that the probability of event occur-

ring is smaller, and this means the probability of occurring

hazards is close to 0; If CF is equal to 0, it represents the

priori probability is equal to the conditional probability and

the event occurs or not cannot be determined, this means the

probability of occurring hazards is 0.5.

So, the method is: First, a calculation of the certainty

factor of collapse landslide and mudslides occurring is

done according to the area of past landslides in impact factor

subset and the area of impact factor subset; Second, defining

the possibility of collapse landslide or mudslides occurring

as dependent variable, defining the certainty factor of

disaster occurring in subset as independent variable, and an

analysis is done to find out the functional relationship

between them using logistic regression model; Third, a cal-

culation of the probability, p, of collapse landslide or

mudslides occurring is initiated, trying to divide the research

area into 10 risk level sub-area according to the p result with

the aim to map the hazard zonation of collapse landslide and

mudslides. Finally, an evaluation on the hazard zonation of

collapse landslide and mudslides is carried out.

Impact Factor and CF Calculation

It is an important step in collapse landslide and mudslides

hazard zonation to find out its impact factors. There is a wide

range of impact factors that impact collapse landslide and

mudslides in different ways. Those factors can be divided
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into factors that reduce strength and factors that increase

downward force according to the mechanical state. And

those also can be divided into internal and external factors

according to impacted ways (Yin and Zhu 2001).

In the paper, the Guizhou Province is defined as study

area, and 8 main factors that can lead to the occurrence of

collapse landslide and mudslides in the area are selected:

class of rock and soil, ground slope, ground aspect, ground

elevation, distance to river, distance to fault, vegetation and

seismic intensity. The total study area is 176,041.229 km2,

with 356 recorded disasters for hazard zonation: total area of

disasters is 13.710 km2. The classification of each subset

impact factors and CF values are shown in Table 1.

Table 1 Subset of impact factors and CF value

Impact factor Subset Area of subset (km2) Disaster area of subset (km2) CF

Class of rock and soil I 185.035 0.000 �1.000

II 285.539 0.000 �1.000

III 37,313.344 1.535 �0.472

IV 93,299.291 10.784 0.326

V 44,958.020 1.391 �0.603

Slope (�) <7 35,432.641 2.457 �0.110

7 ~ 14 53,548.921 4.702 0.113

14 ~ 21 43,940.520 3.690 0.072

21 ~ 28 25,876.081 1.835 �0.089

28 ~ 35 11,624.400 1.021 0.114

>35 5,605.200 0.005 �0.988

Aspect (�) Flat 394.560 0.000 �0.987

North 21,162.600 1.811 0.090

Northeast 20,756.521 0.583 �0.640

East 22,793.400 1.719 �0.032

Southeast 24,316.201 0.109 �0.942

South 21,658.679 3.804 0.557

Southwest 20,215.439 2.630 0.401

West 21,233.879 1.965 0.159

Northwest 23,496.481 1.089 �0.405

Elevation (km) <0.6 18,348.841 3.173 0.550

0.6 ~ 0.9 45,759.238 2.511 �0.295

0.9 ~ 1.3 62,924.399 2.191 �0.553

1.3 ~ 1.7 30,908.881 4.035 0.403

1.7 ~ 2.3 16,609.680 1.800 0.281

>2.3 2,270.160 0.000 �1.000

Distance to river (km) <1 51,445.582 10.132 0.605

1 ~ 2 46,133.207 1.135 �0.684

2 ~ 4 54,372.264 1.974 �0.534

4 ~ 8 22,478.113 0.470 �0.732

>8 1,612.064 0.000 �1.000

Distance to fault (km) <2 59,921.348 2.929 �0.372

2 ~ 4 42,133.719 2.346 �0.285

4 ~ 10 54,294.201 5.862 0.279

10 ~ 18 15,082.065 0.296 �0.748

>18 4,609.896 2.278 0.842

Vegetation Arbor 47,062.155 1.765 �0.519

Bush 24,837.175 0.549 �0.716

Others 104,141.899 11.396 0.288

Intensity (degrees) 5 85,431.543 3.938 �0.408

6 89,348.888 9.771 0.288

7 1,260.797 0.001 �0.992
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Sensitivity Analysis of Impact Factor

For a specific hazard zonation method, it is necessary to

analyze the sensitivity of impact factor to lead to the disaster,

that means know which factor has more influence on the

disaster and which factors has less.

When we define 360 m � 360 m as basic cell size, and

spatial analysis can be applied on impact factor thematicmaps,

so we will have 992 � 853 independent property units within

the study area. If we select partial independent property units

randomly, put CF value of impact factor as independent vari-

able, the probability of collapse landslide and mudslides

occurring as dependent variable (1 represents that hazard has

occurred, and 0 represents that hazard has not occurred), then

under regression analysis with logistic regression model, we

will get the results of logistic regression analysis in Table 2.

From left to right in Table 2, there are regression coefficients

of the variables or constant (B), standard error (SE),Wald chi-

square value (Wald), degrees of freedom (df) and significant

(Sig.) respectively. In addition, the classification accuracy of

observation is 62.8 %, and it means that the reliability of

logistic regression equation is 0.628.

Since the value of each impact factor CF value is in the

range of [�1, 1], so the absolute value of regression coeffi-

cient can be considered as impact factor weight, and then it

can be used to analyze the sensitivity of impact factor.

The greater absolute value of impact factor regression coef-

ficient, the greater sensitivity is. The descending order of

impact factor regression coefficient absolute value (|B|) is

shown in Table 3.

According to the degree of influence, we can conclude

that the descending order of 8 selected impact factors

is: distance to river > distance to fault > elevation >

aspect > intensity > slope > class of rock and soil >

vegetation.

The percentage of each impact factor regression coeffi-

cient absolute value and sum of all impact factors regression

coefficients absolute values is shown in Fig. 2. It shows that

distance to river has the greatest influence on collapse land-

slide and mudslides hazard in the eight selected impact

factors.

Hazard Zone Division

When taking the eight impact factors into the calculation

model, we will get the logistic regression formula of the risk

evaluation in the study area as following (4):

p ¼ exp zð Þ
1þ exp zð Þ

z ¼ 0:309þ 0:175x1‐0:317x2 þ 0:587x3
þ0:394 þ 0:158x5 þ 0 :621x6 þ 0:079x7
þ0:746x8

8
>>>><

>>>>:

ð4Þ

where, p is the probability of occurring hazard, x1 is

CF values of slope, x2 is CF values of intensity, x3 is CF

values of elevation, x4 is CF values of aspect, x5 is CF values

of rock and soil class, x6 is CF values of distance to fault,

x7 is CF values of vegetation, x8 is CF values of distance to

river.

According to (4), we can calculate the probability p of

collapse landslide or mudslides occurring in Guizhou Prov-

ince, further divide the total area into 10 equal parts

according to p, and define as I, II ~ X hazard level from

lower to higher. Hazard zonation is shown in Fig. 3, and the

percentage of each risk level area in total area is shown in

Fig. 4.

Table 2 Results of logistic regression analysis

Regression items B S.E. Wald df Sig.

Intensity �0.317 0.260 1.482 1 0.223

Slope 0.175 0.543 0.104 1 0.747

Elevation 0.587 0.196 8.995 1 0.003

Vegetation 0.079 0.208 0.144 1 0.705

Distance to river 0.746 0.146 26.146 1 0.000

Aspect 0.398 0.190 4.383 1 0.036

Class of rock and Soil 0.158 0.202 0.610 1 0.435

Distance to fault 0.621 0.244 6.480 1 0.011

Constant 0.309 0.103 9.015 1 0.003

Table 3 Arrangement of |B|

Impact factors |B| |B|/Σ|B| Arrangement

Distance to river 0.746 24.2 % 1

Distance to fault 0.621 20.2 % 2

Elevation 0.587 19.1 % 3

Aspect 0.398 12.9 % 4

Intensity 0.317 10.3 % 5

Slope 0.175 5.7 % 6

Class of rock and soil 0.158 5.1 % 7

Vegetation 0.079 2.6 % 8

24.2%

20.2%

19.1%

12.9%

10.3%

5.7%
5.1% 2.6%

Sensitivity of impact factors

Distance to river

Distance to fault

Elevation

Aspect

Intensity

Slope

Class of rock and soil

Vegetation

Fig. 2 Sensitivity of impact factors
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Effect Evaluation

The effect of hazard zonation can be illustrated from the

percentage of hazard area in total area in each risk level

zone. As shown in Fig. 5, the effect of the hazard zone

division is sufficient in general.

In addition, the calculation of CF value of each risk level

is able to indicate the difficulties of hazard occurrence in the

zone. As shown in Fig. 6, from level I to level X, CF value

transits from negative to positive overall this means that the

probability of collapse landslide and mudslides occurring is

increasing, and the level of the risk zone is from lower to

higher consecutively. This also means that the evaluation

results aline with the actual situation.

Conclusions

Even though the collapse landslide and mudslides hazard

zonation of Guizhou Province is feasible, there are some

problems in the method for collapse landslide and

mudslides hazard zonation based on logistic regression

model and certainty factor. These include the need for a

large number of collapse landslide or mudslides records;

need to determine the appropriate size of independent

properties unit; need to divide numeric impact factors

into subset artificially.

Fig. 3 Collapse landslide and mudslides hazard zonation of Guizhou

Province

1.6%

4.1%

14.1%

21.0%
18.7%

14.9%

11.4%

8.5%

4.8%

1.0%

0.0

0.1

0.1

0.2

0.2

0.3

A
re

a 
pe

rc
en

ta
ge

Hazard zonation  level

Fig. 4 Area percentage of each hazard zonation level

0.0% 0.0% 1.1%
4.4%

8.2%

14.9%
12.1%

8.5%

19.9%

30.9%

0.0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

D
is

as
te

r a
re

a 
pe

rc
en

ta
ge

Hazard zonation  level

Fig. 5 Percentage of disaster area on each hazard zonation level

-1.00 -0.99 -0.92 
-0.79 

-0.56 

0.00 0.06 0.01 

0.76 
0.97 

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

C
F

Hazard zonation  level

Fig. 6 CF value of each hazard zonation level

Collapse Landslide and Mudslides Hazard Zonation 461



However it is an effective way to solve the problem of

the weights of impact factors, which are influenced by

human activity and because heterogeneous data cannot be

used to perform mathematical calculations directly.
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Mapping and Management of Landslide Risk
in the City of Azazga (Algeria)

Lynda Djerbal, Nassima Alimrina, Bachir Melbouci, and Ramdane Bahar

Abstract

The management of major landslides faces several difficulties especially when important

stakes are exposed to risk. The landslide of the city Azazga is one of the most extensive

cases observed in Algeria. This is an instability reactivated by specific climate events such

as floods of 1974 and snow of 2012. Landslides affect the center town of the region of

Azazga situated 20 Km East of Tizi-Ouzou (northern Algeria). They affect a highly

urbanized area and endanger vital structures such as the regional hospital. Managing this

risk requires the development of an effective management methodology as well as a good

knowledge of site conditions, the causes and the extent of the landslide. To better charac-

terize this extensive instability, a geographic information system was created for the study

site. This GIS greatly facilitates the interpretation of spatial data.

The aim of this work is to investigate the potential risk posed by landslides in the city of

Azazga. This potential is estimated from observations and exploration of the site using the

method of Djerbal and Melbouci (2013). A risk management methodology is then devel-

oped for this site. The results obtained show that the very strong hazard affects a large area

of the city Azazga.

Keywords

Landslides � Characterization � GIS � Mapping � Risk Management

Introduction

The region Azazga is located about 20 km east of Tizi-Ouzou

(Fig. 1). The city has experienced several instabilities of land

since 1952 (L.C.T.P. 2006 and L.T.P.C. 1986). However, a

period of calmwas observed during the 1990s and up to 2002.

The long period of snow of February 2012 caused the intense

reactivation of some landslides in this site as well as the

emergence of large buildings damages. Landslides affect

moderate natural slopes (with an inclination of about 10� to
15�); this slope was highly urbanized in recent years. The

stakes of this landslide are very heavy because it endangers

several buildings and major infrastructure (such as the

regional hospital, the Polyclinic, the national road number

12, etc). The potential hazard is evaluated for an area greater

than 1,600 ha of the Azazga region (urban area) in this article.

Several factors have acted in the initiation of the instabilities
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of Azazga. These are classic factors already characterized by

several authors (Slosson et al. 1992; Azimi and Devarreaux

1996; Durville et al. 2003); which are water, man and geol-

ogy (Guirous et al. 2013).

Geomorphological and Hydrological Context
of the Region

The municipality of Azazga is located, according to the

geological map published by the National Office of Geolog-

ical and Mining Research (ORGM) in 1997, in clayey and

marly lands (flysch of Kabylia (Fig. 1)). Flysch are often

overcome by recent deposits consisting of scree and sandy

clay. The recognition, conducted in this area during the

construction of the various urban sites or the studies of

instabilities, shows that the site is underlain by a multi-

layer deposit, which has a dip oriented in the direction of

the slope for each hillside that makes up this site (Fig. 2).

The studied site consists of several juxtaposed hills

characterized by low slopes (ranging from 10� to 15�),
which are affected by several instabilities. The hydrology

of the region, characterized by the presence of sources of

water and a level of water close to the natural ground

surface, has increased markedly these instabilities. The

drainage of surface water being insufficient (the presence

Fig. 1 Geological map of Azazga region (Touahri and Bitam 1997)

Fig. 2 Geological section of the slope from the centre city of Azazga
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of only a few natural waterways), water easily penetrates in

the surface layers of the ground (Quaternary deposits) which

are very sensitive to water. The results of the recognition

realized in this site show that the strength parameters of the

shear surface are very low (L.C.T.P. 2004 and L.T.P.C.

1986). This explains the significant activity of landslides in

this area. Moreover, statistical analysis of the results of

different tests realized at Azazga shows that the physical

properties of materials are characterized by spatial

variability and very low. However, the mechanical

properties, cohesion and friction angle, have a spatial

variability of approximately 50 % (Table 1).

The climate of Azazga region is Mediterranean type

characterized by a humid and rainy winters and hot, dry

summer. It is also characterized by a significant snow

cover, which sometimes reaches more than 1.50 m. These

climatic conditions have significantly influenced the activity

of landslides in the region. Indeed, reactivation of landslides

coincides with exceptional climatic conditions.

Mapping of the Study Site

Geographic Information Systems are effective tools for the

study of problems of geotechnical engineering, as they allow

the management and geo-referencing of geographic infor-

mation. To exploit the geographical data, which are incom-

plete and poorly located in the slope, a Geographic

Information System was developed for the Azazga city and

its surroundings (Fig. 3). This GIS includes data of different

types (geological, morphological, geotechnical,

hydrological. . .). The GIS allowed a good appreciation of

site conditions and the mapping of instabilities observed

since 2009 at this site. Analysis of the map in Fig. 3 has

allowed identify a number of possible causes of sliding, as

the complex hydrology of the area characterized by multiple

sources of water (clogging of many of these sources). The

mapping of the different land subsidence areas shows that

landslides affect several slopes of this region. Six active

Table 1 Summary results of the soil properties tests in the study region (according to the results of L.C.T.P. 2004)

Parameters

Number of

tests Mean Minimum Maximum

Standard

deviation Variance

Coefficient of

asymmetry

Flattening

coefficient

W (%) 38 23.6115 13.17 43.00 6.26174 0.26519788 0.770002 1.278695

γd (kN/m3) 38 16.2395 13.50 19.00 0.14122 0.08696175 0.158364 �0.819910

γsat (kN/m3) 38 19.9605 18.00 21.90 0.09630 0.04824391 �0.032572 �0.727150

Sr (%) 37 92.2678 80.14 100.00 6.44733 0.06987629 �0.411857 �0.930892

C’ (kPa) 20 55.000 15.00 145.00 0.31197 0.5672212 1.560877 2.554404

ϕ0 (�) 20 6.70000 3.00 14.00 2.97534 0.44408018 0.617043 0.336441

WL (%) 38 54.7868 28.60 77.00 12.69816 0.23177395 �0.199587 1.278695

Ip (%) 37 25.4708 14.28 37.76 6.37881 0.25043617 0.770002 �0.819910

w: water content, γd: dry specific weight, γsat: saturated specific weight, Sr: saturation degree, C’: cohesion, ϕ0: friction angle, wL: liquidity limit,

and Ip: plasticity index

620 200 622 200 624 200 m

4069 000

4067 500

4066 000

Fig. 3 Overview of the mapping of Azazga region

Mapping and Management of Landslide Risk in the City of Azazga (Algeria) 465



landslides are observed at this site. In addition, the more

active is the one that affects the city center, as it spawned

during the reactivation of the winter of 2012, where ground

displacements have affected an area of about 90 ha.

Assessment and Hazard Mapping Caused by
Instabilities in the Azazga Region

The hazard created by landslides Azazga is estimated with the

method of Djerbal and Melbouci (2013). It is a method based

on the mapping of indices of landslide observed in situ and the

monitoring of the movement evolution. The determination of

levels of hazard by this method is carried out by performing a

cross between slip risk and vulnerability of ground to this risk.

In this case, it is the density of urbanization.

Assessment and Mapping of the Risk Level

The evaluation of the hazard created by landslides requires

knowledge of the risk of initiation or reactivation of these

movements. The risk of slip is determined from field

observations. This model has five parameters (Table 2):

Risk assessment requires mapping of the five parameters

of the movement (with the designation of the different

Table 2 Parameters of the risk model

Index Propriety Map

Extent of signs of

instability observed

surface Ii

Three classes are distinguished for this parameter: high disorders Ii ¼ 3, means

disorders Ii ¼ 2 and low disorders to no one Ii ¼ 1

Rate of change of

movement Iv

Four classes defining the rate of evolution of the landslide are observed: very high

speed Iv ¼ 4 (metric displacement), high speed Iv ¼ 3 (decimetre displacement),

average speed Iv ¼ 2 (millimetre to centimetre displacement) and low speed Iv ¼ 1

(minimal or no movement)

Distribution of rupture Ir Four classes are observed: very important movement Ir ¼ 4 (four failure surfaces),

significant movement Ir ¼ 3 (tree or two failure surfaces), mean motion Ir ¼ 2 (one

failure surface), low motion Ir ¼ 1 (no failure plane observed)

Direction of the dip

layers Ip

Two types of dip: dip favouring instability Ip ¼ 2 (oriented in the direction of the

slope of the hillside) and dip that promotes stability Ip ¼ 1 (perpendicular to the

slope). However, in Azazga just one class of dip is observed (Ip ¼ 2)

Hydrology of the site Ih Two classes are distinguished to define the hydrology of Azazga region: a hydrology

unfavourable to stability Ih ¼ 2 (lack of water systems) and a hydrology conducive

to stability Ih ¼ 1 (presence of water systems); water systems facilitate the flow of

rainwater, thus reducing infiltration into the slope

classes Level of risk Risk 
Class 2 (6 and 7) Low
Class 3 (8 to 10) Medium
Class 4 (11 to 13) High
Class 5 (14 and 15) Very high

Fig. 4 The classes of risk of the landslide in Azazga
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weights assigned to the parameters (Djerbal and Melbouci

2013)). Risk levels are determined after performing overlay

maps of indices that define the parameters of the model using

(1). The risk of sliding is distributed into five levels (see

Fig. 4). However, in the case of Azazga only four levels were

observed, the level of risk very low has not been observed,

because the dip of the layers is favourable to the initiation of

instability throughout the study site.

Irisk ¼ Ii þ Iv þ Ir þ Ip þ Ih ð1Þ

The established map (Fig. 5) shows that several areas of the

site are susceptible to landslide risks. It is mainly the city centre,

the Northeast Zone and Southwest area of the site studied.

Assessment and Mapping of the Hazard Level

Hazard classes generated by landslides in the city of Azazga

are evaluated using (2) and Fig. 6. We identified for the

region Azazga a hazard zone very strong, which cover an

area of 42.60 ha and a high hazard area of an area greater

than 160 ha (Fig. 7). The highest hazard is determined at the

city centre. It also affects the hospital, the technical and the

620 200 622 200 624 200 m

4069 000
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4066 000

Fig. 5 Mapping of the risk level

in the Azazga region

Stakes 
Risk 

Class 1 Class 2 Class 3

Level 2 Very low hazard Low hazard Medium hazard
Level 3 Very low hazard Medium hazard High hazard
Level 4 Low hazard High hazard Viry high hazard
Level 5 Low hazard High hazard Very high hazard

Fig. 6 Combinations of

parameters to assess the hazard

observed for Azazga region
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Fig. 7 Mapping of the hazard

level in the Azazga region

Mapping and Management of Landslide Risk in the City of Azazga (Algeria) 467



new post office of this studied region.

Ihazard ¼ Irisk � Iu ð2Þ

Conclusion

The municipality of Azazga is one of the regions of

Kabylia experiencing significant landslide activity, in

recent years. The geological and hydrological context of

the site combined with the mismanagement of urbaniza-

tion works are the factors behind this activity. Indeed, this

region is located in a multi layered desposit composed of

clay and marl land susceptible to water (quaternary

formations).

The application of the method of Djerbal and

Melbouci (2013) for this region shows that, despite the

low inclination of the slopes, the site presents a potential

risk to landslides. Otherwise, areas affected by a high

level of risk coincide with those that have suffered

major instabilities during the reactivation of the move-

ment of March 2012. In the case of the Azazga region, the

risk is major and the stakes are very high. The hazard is

then high on most of the urban area.
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Landslide Susceptibility Analysis of Belgrade City
Area

Miloš Marjanović, Uroš Ðurić, Biljana Abolmasov, and Snežana Bogdanović

Abstract

This article presents preliminary results of a recent analysis of landslide susceptibility over

the wider Belgrade City area. Suburban areas of Belgrade have been of particular interest

because they are sprawling rapidly and without regulations, so the city needs a regulation

plan in these areas. Landslide susceptibility mapping, which has been demonstrated in this

work, provides one of the criteria (relative stability of the terrain) for developing such a

plan. The analyses of susceptibility involved a state-of-the-art technique based on a

machine learning algorithm. The procedure required input data in the form of thematic

raster datasets, represented by various geological, geomorphological, and environmental

features of the area, as well as a valid landslide inventory for training the algorithm. The

resulting map depicts zones of relative (high–low) susceptibility and correlates well with

the existing inventory.

Keywords

City of Belgrade � Landslide susceptibility � Machine Learning

Introduction

The City of Belgrade has been spreading rapidly in the past

decades, and the new suburban areas have not always

matched the development framework regulated by the

City’s Master Plan. Since the slopes of those hilly suburbs

are susceptible to instabilities, acute landslide problems have

occurred, affecting dwellings and infrastructure. The City’s
authorities have conducted a project for compiling a plenary

Landslide Inventory and made it publicly available at

BeoInfo portal in the past few years (http://www.mapa.

urbel.com/beoinfo). This policy has given citizens,

investors, insurance companies and other potential users a

better insight into the distribution of landslide-affected

areas, helping them in their personal interests related to

specific locations/parcels. On the other hand, it has inspired

research in urban planning, engineering geology and natural

hazard assessment, since the data were finally gathered at

one place and approved for public use (Samardžić-Petrović

et al. 2013; Djurić et al. 2013).

This paper presents preliminary results of a recent analy-

sis of landslide susceptibility over the wider city area. The

analysis first involved acquisition of various thematic data

(geological, geomorphological, environmental) and a reli-

able Landslide Inventory, which have then been processed

using state-of-the-art algorithms based on machine learning

for the further analysis and mapping of susceptibility zones.

Landslide hazard analysis is planned for future research,

once the new Landslide Inventory is updated, so that two

different Landslide Inventory epochs can be separated. It is

also planned to perform a risk analysis that will be carried

out once the necessary dwelling data are gathered and

processed. In the future course of the research, the landslide

susceptibility analysis will be more detailed than in this

preliminary work. Hopefully, the results could be used by

the target groups (citizens, investors, etc.), but most
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Department for Geotechnics, University of Belgrade, Ðušina 7,
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importantly by decision makers from the City’s authorities
and related public services for urban planning and develop-

ment in the near future.

Characteristics of the Study Area

The study area includes the parts of the territory of the City

of Belgrade (the capital of the Republic of Serbia), i.e. the

territories south of the Sava and Danube rivers. Geographic

extents of the study area are as follows: N4994905-4902405

and E7419130-7488830 (MGI Transverse Mercator/Zone

7—ArcGIS predefined spatial reference system). For

modeling purposes, the study area has been divided into

training and testing parts (Fig. 1).

The training included the territory of the Belgrade Master

Plan, while the remaining part was adopted as the testing

area (Fig. 1).

The study area has a relatively simple geological setting.

Bedrock comprising the oldest Cretaceous flysch formations

emerges at the SW outskirts, while the superimposed Mio-

cene formations dominate most of the remaining area. The

Miocene formations are very diverse and range from poorly

cemented sandstone and limestone (organogenic) to marl,

clay and their transitions. These units are locally intercepted

by Cretaceous flysch and exceptionally, by a few

magmatites and their associations. Quaternary sediments

are also widespread, and arch along the Sava and Danube

river banks (Marković et al. 1985).

Most of the landslides are deep-seated and occur in the

Miocene formations, but they often involve the overlying

Quaternary units such as loess and diluvium in the sliding

process. Shallow landslides in thick Quaternary formations

are uncommon. The landslide triggering mechanism is

believed to be the linear erosion that undercuts the Sava

and Danube river banks or the banks of their few tributaries

inland. This is coupled with the excessive rainfall and

associated groundwater oscillations. The human factor is

also very influential, particularly in the rapidly sprawling

suburbs, where construction activity is not sufficiently

controlled.

Related Work

Previous research studies on landslide assessment in the

study area are numerous, particularly those using the con-

ventional approach of landslide investigation (a combination

of geotechnical and engineering-geological approaches).

There have been countless geological and geotechnical

investigations from various periods. These range from indi-

vidual investigations of the smaller construction projects, to

capital objects and systematic surveys (Marković et al.

1985). The problem is that the data have not been collected

systematically and saved to a central database, but there are

some initiatives striving towards that end. Another issue is

the inconsistency of the criteria used in the various

investigations. All these issues affect the data quality and

consistency, so that the proposed landslide susceptibility and

hazard analysis turned out to be less routine than expected.

In this research study, landslide susceptibility is

conducted as proposed by the prominent international

guidelines (Fell et al. 2008). The work of several researchers

that have been applying machine learning to landslide sus-

ceptibility mapping has been particularly inspiring.

Methods and Materials

The methods for landslide susceptibility zoning that has

been applied in this research are based on the landslide

assessment postulates: landslides are likely to spatially/tem-

porally reoccur under similar conditions (Fell et al. 2008).

To analyze these conditions, i.e. to match different terrain

attributes (geological, geomorphological, environmental

etc.) with a landslide inventory (that reveals a spatial distri-

bution of existing landslides), a machine learning approach

was followed. In particular, the Support Vector Machines

(SVM) technique was used. SVM was used as a binary

classifier in a supervised learning scheme. First, the training

stage required a portion of the entire area, called the training

area, which was represented by terrain attributes and the

Landslide Inventory. Subsequently, a classification rule

was made relating the inventory to the terrain attributes.

Finally, in the testing stage, the obtained classification rule

was applied over the rest of the area, called the testing area.

Details of the particular machine learning technique will not

be addressed in detail, since they can be found elsewhere in

the authors’ earlier work (Marjanović et al. 2011). Machine

learning experiments have been placed and processed in the

Weka 3.6 open-source software package and data

preprocessing and visualizing in an ArcGIS 10 environment.

Figure 2, below, depicts a workflow that contains all

important stages of this research and generalizes our meth-

odological approach.

Datasets

The datasets were collected from different sources and

included various thematic data such as geological, geomor-

phological and environmental data, which should represent

the main terrain attributes that can be related to landslide

occurrence (Landslide Inventory). These were arranged as

2D raster layers in a GIS environment. The training area

(Master Plan territory) and the testing area had exactly the
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same inputs, with some inconsistency in the case of the

Landslide Inventory. For all inputs (training and testing) a

50 m resolution was considered as the most appropriate with

respect to the source map scales (1:10,000–1:100,000) and

also with respect to the processing demands (finer resolution

would cause difficulties in the modeling stage due to the

large number of instances). In addition, a sub-variant of the

training area dataset with a coarser 100 m resolution was

produced for further modeling and experimentation.

Finally, all these GIS layers represented by 2D rasters

have been converted to point shape files and then

communicated to the ML software by CSV conversion.

Then, the numeric data were normalized and nominal data

(such as land cover or rock deformability) binarized as

dummy variables (e.g. rock deformability had five classes

and has therefore been disaggregated into five separate

binary layers). For visualization the results have been

converted back from CSV format.

Elevation (DEM)
This numeric (morphometric) parameter has been computed

from the digitized topographic maps 1:25,000 by means of

TOPOtoRASTER conversion in the ArcGIS 10 toolbox. The

altitude is related to the potential energy of the slopes, so that

the higher slopes are considered more susceptible to

landslides.

Slope Aspect
This morphometric parameter was computed from elevation

as a standard first-order derivative. It represents the slope

exposure to the Sun and suggests that moister NW, N and

NE slopes are more prone to landsliding than the dryer

southern ones.

Slope Angle
Slope angle is another numeric (morphometric) parameter,

computed as a first-order derivative from elevation. It is

directly related to landslides since inclination of the slope

determines the slope stability, but there are scenarios in

which this principle does not apply (solid rocks or loess

can be stable in steep slopes).

Slope Curvature
This is also a numeric (morphometric) parameter, but it is

computed as a second-order derivative of elevation. It

detects convex and concave parts of the slope, which can

be an indicator of landslide morphology (concavity can

indicate the landslide crests while the convexity can be

related to the landslide middle or foot).

Relative Relief
This is a numeric (morphometric) parameter that is

computed from elevation by determining the range of the

relative altitude difference within a 1000-m radius. It points

to the areas of so called high relief energy, i.e. high

Fig. 1 Geographical setting of the study area (outlined in red, training
area is shaded red); (a) simplified Landslide Inventory (all landslides of

all types are shown as dark polygons); (b) simplified geological setting

indicating deformability of the rock formations from very low (e.g.

solid rocks) to very high (e.g. clay)

Fig. 2 Research workflow
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variability of relative altitude within the specified radius.

Such variability can be considered as a consequence or a

predecessor of landslide activity.

Stream Distance
This is a numeric hydrological parameter which simply

indicates the proximity to the stream network that has been

mapped from the topographic maps at 1:25,000. It is

suspected that one of the main triggering mechanisms is

due to linear stream erosion, which is why the slopes closer

to the streams are more prone to landslides.

Land Cover
This is a nominal layer which has been derived from the

CORINE Land Cover map at 1:100,000. It has been

simplified from CORINE Level 3 to the following four

classes: artificial surfaces, agricultural areas, forests and

semi-natural areas and wetlands.

Rock Deformability
Rock deformability (Fig. 1b) is another nominal terrain

attribute which is derived by simplifying the geological

map at 1:25,000 and 1:100,000. Simplification was neces-

sary because the original maps contained too many similar

units. The criterion for simplification was the rock compress-

ibility/deformability according to the literature

recommendations (Jovanović et al. 1977). Five classes of

geological units represented deformability: Very Low

(Mesozoic limestone and other older solid rocks), Low

(Miocene limestone, sandstone), Medium (marl), High

(sand, loess) and Very High (clay).

Landslide Inventory
The Landslide Inventory (Fig. 1a) was obtained from a

synthetic engineering geological map of the Belgrade area

at 1:10,000, which has been digitized and published at http://

www.mapa.urbel.com/beoinfo. The acquisition technique

was based on a combination of remote sensing and

engineering-geological mapping at a larger scale, but the

older landslides have been included too. Moreover, different

parts of the inventory have been mapped by different parties

and during compilation the criteria homogeneity was not

entirely inspected. For these reasons the inventory cannot

be dated (it contains older and more recent records) and

classified (there are apparent disagreements on landslide

typology). This particularly affects the wider study area

(testing area), while the Master Plan area had somewhat

better data. In turn, the given Landslide Inventory was

simplified (some categories were removed, and others

aggregated) into three classes: non-landslide, dormant land-

slide and active landslide.

Results and Discussion

Two different experiments have been carried out, one with a

regular training-testing protocol and one with cross-scaled

training-testing.

Regardless of the experiment (i.e. the scale), the optimi-

zation of the SVM parameters was the first task, which has

been completed using a 10-fold Cross-Validation (CV) tech-

nique over the training area, with successive changing of the

C (the misclassification penalty) and γ (kernel width)

parameters. Theoretically, C should be lower and γ higher

for more powerful generalization, but their trade-off differs

from one case to another. Herein, the good C,γ combinations

were from 8 to 11 (Table 1, Fig. 3), and after the fine tuning

C ¼ 5 and γ ¼ 70 were adopted as optimal. Further

experimenting could have also been done by CV sampling

(Marjanović et al. 2011), but we have proposed a different

strategy to increase the generalization capacity and avoid

overfit of the algorithm.

Table 1 Pair-wise combinations of SVM parameters

# Combination C γ

1 1.0 0.1

2 10.0 0.1

3 100.0 0.1

4 1.0 1.0

5 10.0 1.0

6 100.0 1.0

7 1.0 10.0

8 10.0 10.0

9 100.0 10.0

10 1.0 100.0

11 10.0 100.0

12 100.0 100.0

Fig. 3 Optimization of the SVM algorithm; horizontal axis represents

C, γ pairs given in Table 1, respectively (note that the lowest error and

the highest performance parameters are for combinations 8–11)
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The size of the training area, defined as administrative

unit (Master Plan area) of the city, covers approximately one

fifth of the total study area (160,000 of 850,000 instances),

and landslide instances counted more than one third of the

total training instances (57,000 of 160,000 instances), which

is generally sufficient to make plausible predictions. This

convenience was used to generate a balanced training sam-

ple which contained equal amount of all Landslide Inventory

classes (non-landslide, dormant landslide and active land-

slide). Since the classes were not equal in size, the smallest

class (active landslide), with 14,000 instances, was chosen as

reference for the class size of the balanced training set.

Fig. 4 Landslide susceptibility model with: (a) a regular learning pro-

tocol; (b) a cross-scaled learning protocol; (c) and (d) binarized classes

for evaluation (black contours represent landslides from the inventory,

color scale in the upper images depicts 0–1 spatial probabilities, i.e.

susceptibility, red polygons represent predicted landslides)
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Sufficient instances that had occurred in non-landslide

and dormant landslide classes were randomly removed.

The balanced training set thus, contained three equally-

sized classes (14,000 instances each).

The first experiment had a regular training-testing proto-

col and has been iterated 10 times, each time with a different

(balanced) sampling based on a random seed. Each iteration

had the same C ¼ 5 and γ ¼ 70. Final result of the first

experiment was achieved by averaging ten sub-models.

The resulting model maps the high–low susceptibility

zones (Fig. 4a).

The second experiment included cross-scaling of training

versus testing area. A training set version with coarser reso-

lution was used, while the testing set remained in the original

resolution. This intervention was undertaken to inspect the

effects of scale and to help the algorithm generalize better.

Model processing was quicker because the number of train-

ing instances decreased from 160,000 to 40,000 (and in

balanced variants from 3 � 14,000 to 3 � 3,500) due to

the downscaling. The final result (Fig. 4b) was given in the

form of an averaged high–low susceptibility map. As

discussed previously, the Landslide Inventory has had

some inconsistency, since the mapping criteria were differ-

ent for the training and testing area. The evaluation was

therefore performed on the basis of a modified inventory

that contained only landslide and non-landslide classes (dor-

mant and active landslide classes were aggregated) versus

modified susceptibility models that also contained only two

classes (Fig. 4c, d). The spatial probability (susceptibility)

trade-off for these two classes was at 0.75 (the original

susceptibility range was 0–1), so that all instances with

spatial probability higher than this were categorized as

landslides and lower as non-landslides. Choosing the most

appropriate evaluation measurement was also important.

There are numerous statistical parameters based on cross-

tabulation (confusion matrix) that can be taken into consid-

eration. We choose False Negative rate (FN rate), which

best suits the given problem, because false negatives are the

least desirable in the landslide assessment. For instance, it is

much bigger error to classify an existing landslide as a low

susceptibility zone than to classify some currently stable

area as a high susceptibility zone.

The cross-tabulation of modified models (Fig. 4c, d) gave

somewhat better results (lower FN rate) for the first model,

so the cross-scaling had a negative effect. Both models

perform similar in terms of AUC and accuracy, but it is

apparent that false positives are more abundant in the first

model (Fig. 4c) than in the cross-scaled one (Fig. 4d). It is

not only a visual impression but also shown by false

positives rate values (Table 2).

Conclusion

Plausible predictions and zoning of landslide susceptibil-

ity are possible with the given thematic data inputs and

appropriate modeling techniques. Cross-scaling did not

improve the generalization capacity of the SVM algo-

rithm and had a negative effect on the model. For further

research, hazard and risk analysis are planned, but the

issue of an inconsistent and temporally undefined Land-

slide Inventory and other input data issues (consistency of

some inputs, introducing additional morphometric,

hydrological, geological or synthetic inputs) should be

solved first.
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Study on Earthquake-Triggered Landslide Hazard
Assessment Under Rainfall Condition

Meng Wang, Jianping Qiao, and Lili Shi

Abstract

Landslides’ occurrence results from not only the environmental background conditions of

slopes, but also triggering factors, such as rainfall and earthquake etc. This study selected

Pengzhou, Dujiangyan, Chongzhou and Dayi cities as the research area, which were

affected severely by Wenchuan Ms 8.0 Earthquake. At the aim of assessing regional

landslide hazard under the conditions of heavy rainfall and Ms 8.0 earthquake, Newmark

model and hydrological distribution model were adopted based on GIS technology. First,

the whole study area was divided into cells with grid size 30 m � 30 m and the Newmark

displacement of each grid in the region was calculated under the roles of heavy rainfall and

earthquake. And then, make a coupling analysis between the Newmark displacements and

landslides inventory map to establish a curve equation, which will give the hazard degree to

each grid. Finally, the earthquake-triggered landslide hazard assessment map was

completed. The result shows that the moderate and high hazardous regions cover 37.1 %

area and are containing about 82 % landslides. The landslide density has a great relation-

ship with hazard degree and it is increasing with the hazard level increase, which implies

the result is accord with the reality and can be used to provide the research foundation for

the landslide risk management and the reference for the regional reconstruction planning.

Keywords

Rainfall � Earthquake � Newmark model � Hydrological distribution model � Landslide

hazard assessment

Preface

Landslide is a kind of serious phenomenon of slope defor-

mation. The occurrence of it not only results from the slope’s
environmental conditions, but also the exogenic forces.

Among them, rainfall infiltration and earthquake are most

important factors. In the previous studies, researchers are

more focusing on the single factor to trigger landslides

(Jibson et al. 2000; Koppula 1984; Tang et al. 2001; Miles

and Ho 1999; Chen and Lee 2003; Chang and Chiang 2009).

But, it is well known that landslide occurrence is the result of

many factors. Therefore, this paper mainly studied the

earthquake-triggered landslide hazard distribution under

rainfall condition.
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Earthquake-Triggered Landslide Hazard
Assessment Model

Newmark proposed a new thought to use cumulative perma-

nent displacements of the slope instead of the safety factor

and meantime put forward a method to calculate the sliding

displacement in 1965 (Newmark 1965). Newmark’s method

models a landslide as a rigid friction block that slides on an

inclined plane. The block has a known critical acceleration,

which is simply the threshold base acceleration required to

overcome shear resistance and initiate sliding. In the calcu-

lation, it is assumed that the water table is paralleled to the

sliding surface and the slope surface.

In this paper, hydrological distribution model was cou-

pled with slope stability model based on limit equilibrium

theory. Firstly, the earthquake-triggered landslide’s critical
acceleration was calculated under rainfall condition. And

then, Newmark’model was adopted to get slope’s permanent

displacement. Finally, make a coupling analysis between

displacements and landslide inventory map to establish a

curve equation, which would give the hazard degree to

each grid. Consequently, earthquake-triggered landslide

hazard assessment map under rainfall condition was

completed.

Slope Stability Model Based on Limit
Equilibrium Theory

Before calculating the permanent displacement of slope, the

infinite slope model was used to get the safety factor. The

function is as following:

Fs ¼ c
0

γZ sin α
þ 1� m

γw
γ

� �
tanϕ

0

tan α
ð1Þ

Where c0 is the effective cohesion (kPa), Φ0 is the effec-
tive friction angle (�), α is slope angle (�), m represents the

fractional depth of the water table with respect to the total

slide depth and is called the saturated factor, t stands for the

depth of sliding surface (m), γ is the material unit weight

(kN/m3) and γw is the water unit weight (kN/m3).

Hydrological Distribution Model Based on DEM

The shallow groundwater distribution model under steady

flow was used to simulate the saturated factor distribution

under non-static rainfall condition.

In Fig. 1, thick lines represent surface line and thin lines

shaded areas represent shallow underground runoff with

discharge Q. The effective rainfall is q(mm/d). Zw is the

saturated underground runoff depth (m). Z is the vertical

thickness of the potential sliding body (m). α is the slope

gradient (�). A is the total area of the catchment that can

supply the groundwater runoff. b is the width of the basic

unit. It is assumed that the hydraulic gradient equal to the

slope gradient and the hydraulic conductivity distributes

evenly in the vertical direction of the landslide, which does

not change significantly with depth (Lan et al. 2003).

According to the SHALSTAB model established by Dietrich

and Montgomery (Rafaelli et al. 2001), the saturation factor

m can be calculated by the following formula:

m ¼ Zw

Z
¼ qA

Tb sin α
ð2Þ

T is the hydraulic transmissivity (m2/d).

Newmark Permanent Displacement Model

According to formulas (1) and (2), the safety factor of slope

can be calculated. And then, use safety factor to calculate the

critical acceleration:

ac ¼ Fs � 1ð Þg sin α0 ð3Þ

Where g is the gravity acceleration (m/s2) and α0

represents the slide thrust angle (�). For the shallow land-

slide, α0 can be replaced by the slope angle α.
Many researches adopted different factors to get different

formulations through statistics at the time of calculating

Newmark displacement. While, according the current stud-

ies, Arias seismic intensity is widely used (Roberto 2000).

Therefore, we also use this factor here. Arias seismic inten-

sity contains all the ground vibration information during the

entire shaking time. It is the sum of the square of the seismic

acceleration with a certain time and can be approximated by

the following:

Ia ¼ π

2g
td 0:14a maxð Þ2 ð4Þ

Fig. 1 Hydrological geology model (modified by Lan et al. 2003)
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Where Ia is Arias seismic intensity (m/s), td is the shaking

time during the earthquake(s), and amax is the ground peak

acceleration.

Finally, use the predictive model with the variables as the

Arias seismic intensity and the critical acceleration to calcu-

late the seismic landslide displacement (Jibson 2007):

log DN ¼ 2:401log Ia � 3:481log ac � 3:230� 0:656 ð5Þ

Here, the unit of DN is centimeter and Ia’s is m/s. The last

value represents the standard error of the equation. This

model has been used to predict the regional landslide hazard

under different background conditions.

Case Study

Introduction of Study Area

Pengzhou, Dujiangyan, Chongzhou, and Dayi four cities

were affected severely by Wenchuan Ms 8.0 Earthquake.

They are located in the central part of Sichuan Province. The

total area of them is 5,265 km2. The range of elevation of the

study area is from 474 to 5,335 m (Fig. 2). The east border is

adjacent to Longquan Mountain and the west border is

adjacent to Longmen Mountain. The rivers of the study

area are belonging to Minjiang and Tuojiang water systems.

The northwest part of the study area is high and the southeast

part is low. The terrain is like a ladder and the height

difference is 4,861 m. The landform can be classified into

High Mountain, Middle Mountain, Low Mountain, Hill, and

Plain. The outcrop in the area is almost complete, containing

Huangshuihe Group and Sinian System of Proterozoic, Silu-

rian System, Devonian System, Carboniferous System,

Permian System, Triassic System, Jurassic System, Creta-

ceous System, Tertiary System, Quaternary System, and

Magmatic rocks. The study area is belonging to

Longmenshan Cathaysian Structure and West Sichuan New

Cathaysian Structure. The geological structure is compli-

cated and folds and faults are more developed. The main

faults are Yinxiu Fault and Guanxian Fault. The study area is

subtropical humid monsoon climate and the annual average

rainfall is 945.6 mm, concentrating in the July and August.

Fig. 2 Location of study area
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Spatial Data Pre-processing

The regional seismic landslide hazard assessment under

rainfall condition needs many related data, including land-

slide inventory map, geological map, terrain map, the peak

acceleration distribution map, and rainfall contour map etc.

This paper used the terrain map at the scale of 1:50,000 to

create DEM with the cell size of 25 m � 25 m through GIS

technology. And then, the slope gradient map was derived

from DEM. The geological map at the scale of 1:200,000

was digitized and the rocks were merged and reclassified

into seven types (Table 1).

After the investigation to landslides of the study area, the

most of them are shallow landsides and the average depth of

them is 2 m. The peak ground acceleration distribution map

was drawn by China Earthquake Administration at the scale

of 1:1,000,000.

Slope Stability Calculation Under Rainfall
Condition

It is assumed that the rainfalls of 24 h is the effective

rainfalls and study the regional landslide hazard distribution

under the conditions of rainfall and Ms 8.0 earthquake.

Firstly, based on the annual maximum 24-h rainfall con-

tour map and formula (2), the regional saturated factor

distribution map could be got (Fig. 3). If the saturation factor

is bigger than 1, that means this is the surface runoff region.

The cells without data represent the slope gradients of them

are zero. These two situations both are unconditionally sta-

ble area and do not participate in the subsequent stability

calculation.

Based on formula (1), the regional landslide safety factor

distribution map was obtained (Fig. 4). If the safety factor is

less than 1, that means the low stability of the slope itself.

Without any external forces, the instability of the slope still

may occur. Therefore, this situation was classified as the

unconditionally unstable region and does not participate in

the subsequent calculations.

Newmark Permanent Displacement Calculation

According to formulas (3, 4, and 5), the regional critical

acceleration map (Fig. 5), Arias seismic intensity map

(Fig. 6), and the Newmark permanent displacement map

(Fig. 7) were obtained.

Regional Earthquake-Triggered Landslide
Hazard Assessment Under Rainfall Condition

That is not correct to just use the Newmark displacement to

assess the regional hazard simply. Due to the lithology

strength difference, some of the weak strata may generate

the landslide only with small displacements. Therefore, in

order to properly evaluate the degree of regional landslide

Table 1 Physical and mechanical property of geotechnical category

Rocks ND (kN/m3) HT (m2/d) C (Kpa) F (�)
Sandstone, shale, mudstone, phyllite 17.6 75 26 33

Limestone 19.6 95 30 38

Granite 21.6 60 31 42

Gabbro 22.5 55 52 45

Tuff 15.7 80 20 31

Basalt 21.6 65 45 38

Gravel 16.6 145 0 34

Note ND natural density, HT hydrological transmissivity, C cohesion, F friction

Fig. 3 Saturation factor of study area distribution map
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hazard, it should make a related analysis with actual

landslides. After the earthquake, 3,899 landslides were

determined by means of remote sensing interpretation and

field investigation. And we used 2,452 landslides obtained

by interpretation to make the related analysis with the

Newmark displacement and the rest to test the results’
reliability.

Fig. 4 Safety factor of study area distribution map

Fig. 5 Critical acceleration of study area distribution map

Fig. 6 Arias intensity of study area distribution map

Fig. 7 Newmark displacements of study area distribution map

Study on Earthquake-Triggered Landslide Hazard Assessment Under Rainfall Condition 479



Here, we adopted the statistics to calculate the landslide

susceptibility index IL (LSI) proposed by Masamn Aniya

and the method is as following (Tang and Jorg 1998):

IL ¼ b=a

a ¼ Pmn Gð Þ=Pm
�
G
�

b ¼ Pmn Lð Þ=Pm
�
L
� ð6Þ

Where Pmn(G)represents the cells’ number of n type in m

factor, Pm(G)represents the total cells’ number of factor m,

Pmn(L)represents the landslides cells’ number of n type in m

factor, and Pm(L)represents the total landslides cells’ num-

ber of factor m. The susceptibility index indicates the impor-

tance of the factors related to landslides occurrence. The

larger the value is, the higher the degree of sensitivity to

landslide development is.

The Newmark displacements were divided into seven

intervals: <1, 1–2, 2–3, 3–5, 5–7, 7–10, >10 cm. According

to formula (6), the landslide susceptibility index of every

interval was got and established the relation function

between the displacement and the landslide susceptibility

index (Fig. 8).

According to the curve fitting of Fig. 8, the equation was

established and the R2 of it is 0.998, meeting the

requirements of the simulation.

y ¼ e 0:611�1:898=xð Þ R2 ¼ 0:998
� � ð7Þ

According to the formula (7), we can get the whole

regional landslide susceptibility index. In order to reflect

the regional landslide hazard degree more intuitively, natural

breaks points method was used to classified the results into

four grades: safety region (i.e. the unconditional stability

region), low hazard region (<0.70), middle hazard region

(0.70–1.25), and high hazard region (>1.25 and the uncon-

ditional instability region) (Fig. 9).

The relative safety region doesn’t have the necessary envi-
ronmental conditions of landform, lithology, and geological

structure to produce landslides. But, under the certain external

triggering conditions, such as the road excavation, it may

develop small-size landslides occasionally. The low hazard

region has the necessary internal environmental conditions

and a single external triggering condition to produce medium

and small size landslides and the probability of landslide

occurrence is low. The middle hazard region has the necessary

internal environmental conditions and several external trigger-

ing conditions to produce medium and large size landslides

and the probability of landslide occurrence is high. The high

hazard region has the necessary internal environmental

conditions and many external triggering conditions to produce

large and especially large size landslides and the probability of

landslide occurrence is very high.

Reliability Validation of Regional Seismic
Landslide Hazard Zonation

In order to verify the result reliability, 1,447 landslides

which did not participate in the statistic analysis were used

to make the density distribution analysis. From Table 2, it

can be seen that the landslides distribution density has a

great relationship with the hazard grade. With the increase

of hazard grade, the seismic landslide distribution density is

increasing remarkable, too.

Fig. 8 Seismic landslide hazard degree as a function of Newmark

displacement

Fig. 9 Seismic landslide hazard zonation map under rainfall
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According to Table 2, the 37.1 % of the study area is

belonging to middle and high hazard regions and this area

contains 82 % of landslides with a dense distribution density.

Conclusions

This paper selected Pengzhou, Dujingyan, Chongzhou,

and Dayi four cities as the study area, which was affected

severely by Wenchuan Ms 8.0 Earthquake. At the aim of

assessing regional landslide hazard under the conditions

of heavy rainfall and Ms 8.0 earthquake, Newmark model

and hydrological distribution model were adopted based

on GIS technology. The result showed that the moderate

and high hazardous regions cover 37.1 % area and are

containing about 82 % landslides. The north and central

parts of Chongzhou, the north, central, and southwest

parts of Dujiangyan, the north and west parts of

Chongzhou, and the west and southwest parts of Dayi

are belonging to the seismic landslide susceptibility

region under rainfall condition. In the reliability valida-

tion of results, it can be seen that the landslides distribu-

tion density has a great relationship with the hazard

grade. With the increase of hazard grade, the seismic

landslide distribution density is increasing, too. That

implies the result is accord with the reality.

However, in the process of research, the author found

that there are several issues that need to be further

strengthened.

1. The values of c0 and ϕ0 were got from the limited borehole

data and some published literatures. So, the quantification

and the accuracy are relative low, which are bound to

affect the result precision. Therefore, it is a future direc-

tion to improve the parameters’ quantitative degree.

2. The vertical ground motion was not considered in the

Newmark displacement model, which made the critical

acceleration and the permanent displacement be smaller

than the real one. So, this can be modified and improved

in the future study.
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A GIS Approach to Analysis of Deep-Seated Slope
Stability in Complex Geology
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Abstract

We demonstrate the computer model r.rotstab.layers to explore the possibilities of GIS for

catchment-scale deep-seated slope stability modelling in complex geology. This model

makes use of a modification of the three-dimensional sliding surface model proposed by

Hovland and revised and extended by Xie and co-workers. It evaluates the slope stability

for a large number of ellipsoidal random slip surfaces which may be truncated at the

interfaces between geological layers. This results in a spatial overview of potentially

unstable regions. After demonstrating the functionality of the model with an artificial

cone-shaped terrain, we test r.rotstab.layers for the 10 km2 Ripoli area in Umbria, central

Italy. According to field observations in the Ripoli area, morpho-structural settings play a

crucial role for deep-seated landslide distribution. We have prepared a model of the

geological layers based on surface information on the strike and dip of each layer, and

we use this model as input for r.rotstab.layers. We show that (1) considering the geological

layers is essential for the outcome of deep-seated slope stability modelling, and (2) the

seepage direction of the groundwater is a major source of uncertainty.

Keywords

Geological layers � Slip ellipsoid � Slope stability � Open source GIS

Introduction

Simple deterministic slope stability models based on the

assumption of an infinite slope with a planar failure plane

parallel to the slope are commonly implemented in GIS

environments (Van Westen et al. 2006). They are well suited

for analyzing shallow slope stability. More complex models

consider the three-dimensional geometry of possible slope

failures and are therefore also suitable for the analysis of

deep-seated slope stability (e.g., Bishop 1954; Janbu et al.

1956). Such models rely on complex neighbourhood

relationships and their implementation in GIS environments

is not trivial (attempts were made, e.g., by Xie et al. 2003,

2004a, b, 2006; Marchesini et al. 2009; and Jia et al. 2012).

Mergili et al. (2014) have recently introduced the model r.

rotstab in order to bridge the gap between the two

approaches. They have found out that the model perfor-

mance for deep-seated landslides may suffer from a
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disregard of morpho-structural settings—in particular, the

strike and dip of the geological layers—even though a

clear statistical relationship with landslide occurrence was

shown by Santangelo et al. (2014). In this article, we attempt

to overcome this limitation of r.rotstab by extending the

model with a tool—r.rotstab.layers—to include the strike

and dip of the geological layers into the slope stability

calculations. The objective of the work is to identify the

capability of such an approach, as well as its limitations,

and the most urgent needs for further research.

Methods

The Model r.rotstab

r.rotstab (Mergili et al. 2014) represents a GIS-based, three-

dimensional slope stability model capable of dealing with

both shallow and deep-seated slope failures. The model is

developed as a C-based raster module within the GRASS

GIS software (GRASS Development Team 2013). It makes

use of a modification of the three-dimensional sliding sur-

face model proposed by Hovland (1977) and revised and

extended by Xie et al. (2003, 2004a, b, 2006). Compared to

this model, a more advanced approach to compute the seep-

age forces is introduced, which is described in detail in

Mergili et al. (2014). Given a Digital Elevation Model

(DEM) and a set of thematic layers, the model evaluates

the slope stability for a large number of randomly selected

potential slip surfaces, ellipsoidal in shape. Randomization

of the ellipsoid parameters is constrained by user-defined

minima and maxima of the ellipsoid dimensions and posi-

tion. Truncated ellipsoids can be used to model the presence

of weak layers at defined depths—or defined regular or

irregular surfaces—within the soil or the bedrock. Any sin-

gle GIS raster cell may be intersected by multiple sliding

surfaces, each associated with a computed safety factor. For

each cell, the lowest value of the safety factor and the depth

of the associated slip surface are stored. These pieces of

information can be used to obtain a spatial overview of

potentially unstable regions over an area of up to several

square kilometres.

The Extended Model r.rotstab.layers

In r.rotstab, the geotechnical parameters required as input

are defined on the basis of soil classes, discrete data units

containing information on (i) cohesion c, (ii) angle of inter-

nal friction ϕ, (iii) dry specific weight γd and (iv) saturated

water content Θs. r.rotstab further allows the definition of a

limited number of layers for each soil class. Each ellipsoid is

truncated at each layer bottom it intersects, and the safety

factor is computed for the entire ellipsoid as well as for the

truncated shapes. However, this design is not suitable for

large amounts of layers in complex geological settings.

r.rotstab.layers is designed in order to overcome this limi-

tation. Relying on input raster datasets representing the bot-

tom of each geological layer, it can handle sets of up to 100 of

such layers. The layer data is condensed into a text file which

stores the depth of each relevant layer for each raster cell. The

geotechnical parameters associated with each layer are

required as tabular input. In contrast to r.rotstab, the informa-

tion on the soil classes is provided by the layer data so that no

additional horizontal soil classes have to be defined. Here, we

present a preliminary version of the model.

Test with an Artificial Cone

Data

A regular cone with a slope of 30� is used to demonstrate the

model performance in a controlled way. A set of regular and

parallel geological layers with bedding planes at a constant

dip of 30� is introduced, resulting in a varying orientation of

the layers with respect to the cone surface (Fig. 1). A

sequence of alternating 20 m thick strong (c ¼ 10 kN/m2,

ϕ ¼ 40�) layers and 2 m thick weak (c ¼ 5 kN/m2,

ϕ ¼ 20�) layers is defined, with the uppermost weak layer

assumed at a depth of 10 m. In total, 54 layers are

considered.

Taking an area of 1,000 � 1,000 m and a cell size of 5 m,

r.rotstab.layers is run for 200,000 randomly centred

ellipsoids with a length of 200 m, a width of 125 m and a

depth of 20 m. In addition, two pre-defined ellipsoids (E1

and E2 in Fig. 2) are analysed in more detail.

Results and Discussion

Figure 1 shows the spatial variation of the safety factor

yielded by r.rotstab.layers, assuming dry (a) and fully

saturated (b) conditions. The side of the cone with bedding

dipping in the direction of the slope clearly shows lower

safety factors than the side with bedding dipping into the

slope. This effect is enhanced for saturated material when

considering layer-parallel seepage forces.

The results for two pre-defined ellipsoids—E1 with

cataclinal (see Fig. 2a), E2 with anaclinal layering (see

Fig. 2b)—are illustrated in terms of the forces acting along

a longitudinal section through the centres of the ellipsoids.

The shear resistance is positive in an upslope direction, shear

forces and seepage forces are positive in a downslope direc-

tion. The shear resistance and the shear force are parallel to

the local inclination of the slip surface. The seepage force
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acts in the direction of the seepage flow and the component

parallel to the shear force is evaluated.

For the ellipsoid E1, the most critical slip surface (safety

factor ¼ 0.84 for dry conditions, 0.52 for fully saturated

conditions) corresponds to the bottom of the only weak

layer intersected by the ellipsoid bottom. The shear resis-

tance is higher in the lower part of the ellipsoid, presenting a

low inclination and high values of c and ϕ (slip surface

within the strong layer). The shear resistance in the upper

part of the ellipsoid is lower although high values of c and ϕ
are applied, due to the steeper inclination and the lower

weight. The patterns observed for the shear force and the

seepage force reflect the balance between the inclination and

the weight of the overlying saturated material and water,

respectively.

The ellipsoid E2 intersects several weak layers

of anaclinal setting (see Fig. 2b). Much higher safety

factors (1.49 for dry conditions, 3.32 for saturated

conditions) are observed than for E1, and higher safety

factor are observed for saturated than for dry conditions.

This is a consequence of (i) the high shear resistance

over most of the tested slip surfaces, (ii) the negative shear

force of the anaclinal-truncated surface and (iii) the negative

seepage force (seepage into the slope as prescribed by

the anaclinal orientation). Even though the effect of the

weak layers on the shear resistance is obvious, in

some places the spatial resolution does not allow identifying

each single weak layer intersecting the ellipsoid

bottom (see the single drop of the shear resistance in

Fig. 2b).

Fig. 1 Safety factors computed with r.rotstab.layers for a regular cone assuming (a) dry material, (b) saturated material with layer-parallel

seepage. The black lines represent the traces of the weak layers, the ellipsoids E1 and E2 are analyzed in Fig. 2

Fig. 2 Forces acting along the main axes of the ellipsoids E1 and E2 (see Fig. 1) for saturated conditions
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Application to the Ripoli Area

Data

The Ripoli area is part of the Collazzone area (Umbria,

central Italy) which has been intensively studied with regard

to landslides in the past 15 years (Guzzetti et al. 2006;

Ardizzone et al. 2007; Galli et al. 2008; Rossi et al. 2010;

Fiorucci et al. 2011; Mergili et al. 2014). With an area of

9.7 km2 (9.9 % of it affected by observed deep-seated

landslides) the Ripoli area mainly consists of semi-

consolidated clastic sediments. Particularly those with sig-

nificant clay content are prone to landsliding (Fig. 3). The

geotechnical parameters for each class exposed at the sur-

face (Table 1) were determined by a combination of labora-

tory tests, a geotechnical data base for central Italy and back-

calculations (Mergili et al. 2014). The bedding traces of the

geological layers were mapped. Strike and dip of the traces

were obtained at several places (Marchesini et al. 2013).

From these pieces of information we generated the

interpolated raster layers of bedding inclination and dip

direction Santangelo et al. (2014), that were used to produce

the TOBIA index map (Meentemeyer and Moody 2000) and

the map of the dip direction relative to the slope (Fig. 3). By

means of a GRASS GIS Python script and in particular of the

Pygrass library (Zambelli et al. 2013), the elevation of the

cells of the bedding surface corresponding to each strati-

graphic limit is determined iteratively, starting from the

stratigraphic limit outcrop and exploiting dip direction and

inclination of the neighbouring cells. Altogether, the bed-

ding planes of 67 layers—all of them >2 m thick—are used

as input for r.rotstab.layers, each of them assigned to one of

the six classes shown in Table 1. In addition we use a 10 m

resolution DEM derived from a set of contour lines shown in

the 1:10,000 topographic map. The model is run for three

sets of assumptions: (i) no layering, with distribution of soil

classes according to Fig. 3 and no truncation of the ellipsoid

(original r.rotstab), (ii) layering, but seepage assumed in

slope-parallel direction, (iii) layering with seepage in the

dip direction of the layers. All of the assumptions are

based on fully saturated material.

The random ellipsoids are constrained according to the

dimensions of deep-seated landslides observed in the

Collazzone area (length ¼ 65–266 m, width ¼ 55–291 m,

depth ¼ 5–20 m, Mergili et al. 2014). One million ellipsoids

are tested during each model run.

Results and Discussion

The spatial distribution of the safety factor computed with

the assumptions (a), (b) and (c) is illustrated in Fig. 4. The

results are validated with the distribution of observed deep-

seated landslides in the Ripoli area. As the ellipsoids have to

be centred within the study area, the edges of the area are not

fully covered by the computation process and are therefore

not considered for the validation procedure. Table 2

summarizes the main indicators of the validation for each

of the three model runs. Looking at Fig. 4 and Table 2, it is

obvious that assumption (b) yields the most conservative

results, compared to the other assumptions. The safety factor

is <1 for 70.8 % of the Ripoli area, in contrast to 30.5 % (a)

and 23.5 % (c). Whilst 83.5 % of all observed landslide

raster cells are identified correctly with assumption (b), this

is only the case for 30.4 % of all raster cells without

observed landslides. The assumptions (a) and (c) yield

reverse patterns. The total rate of true predictions is signifi-

cantly lower for the outcome of assumption (b) than for the

other assumptions (35.1 %, compared to 67.7 % and 73.0 %,

respectively; see Table 2). Two aspects of the results deserve

a closer discussion: (1) why does assumption (b) lead to

more conservative results than the other assumptions? and

(2) which of the assumptions is closest to reality, i.e., how to

interpret the results with regard to landslide susceptibility

mapping?

(1) With assumption (a), only the top layer is considered

and assumed to be infinitely thick. For each raster cell, the

probability that the ellipsoid surface intersects a susceptible

material such as clay is much lower than if a layering

approach with a possible truncation of the ellipsoid is

adopted (assumptions b and c). With assumption (b), the

seepage force always acts in the most unfavourable direction

with respect to slope stability. Therefore the safety factors

have a tendency to be lower than for assumption (c), where

they can also act into the slope and therefore lead to an

increased safety factor (see Figs. 1 and 2).

(2) First of all it seems clear that the assumptions (b) and

(c) are superior to assumption (a) in capturing the complex-

ity of the topic. Assumption (c) fails to reproduce two

prominent landslides in the centre of the study area (see

Fig. 4) which are well reproduced by assumption (b).

Looking at Fig. 3, these two landslides are associated with

orthoclinal layering, leading to seepage forces directed into

the slope and therefore high safety factors with regard to

assumption (c). However, the question of seepage direction

is a complex one and requires more detailed work to be

better understood and better implemented in this type of

model.

Finally, the high false positive rate related to assumption

(b) (see Table 2) is not necessarily purely a consequence of a

poor understanding of the phenomenon and/or an insuffi-

cient parameterization. False positive raster cells may have

been affected by earlier unmapped landslides or be suscepti-

ble to future landslides. In contrast, false negative

predictions are certainly incorrect.
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Conclusions

Employing a preliminary version of the new GIS-based

three-dimensional slope stability model r.rotstab.layers,

we have shown that the consideration ofmorpho-structural

settings exerts a significant impact on the results of deep-

seated slope stability computations. We conclude that the

thickness, strike and dip of the geological layers have to be

regarded for deep-seated landslide susceptibility mapping

Fig. 3 Ripoli area. The white lines represent the bedding traces of the 67 geological layers considered. Each layer is assigned to one of the classes

characterized in Table 1

Table 1 Material properties of the geological classes exposed in the

Ripoli area: cohesion c (kN/m2), angle of internal friction ’ (degrees),

dry specific weight gd (kN/m
3) and saturated water content Ys (vol. %)

ID type γd c ϕ Θs

1 Sand 19.0 4.0 38.0 40

2 Clay 15.5 8.3 18.1 25

3 Flysch 18.0 22.0 15.0 45

4 Gravel, sand, silt, clay 19.0 13.0 30.0 45

5 Sand, silt, clay 18.0 15.0 15.0 45

6 Sandstone 22.0 8.5 35.0 45
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efforts. Further, we have demonstrated that the seepage

direction strongly influences the safety factor of saturated

materials. We therefore recommend more research

towards a detailed understanding of the—sometimes com-

plex—seepage patterns in different types and assemblages

of regolith.
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Fig. 4 Safety factors computed with three different assumptions of layering and seepage direction

Table 2 Model results for the Ripoli area

Predictions indicator (a) (b) (c)

True negative—TN 64.2 % 27.7 % 70.3 %

False positive—FP 27.0 % 63.4 % 20.8 %

False negative—FN 5.3 % 1.5 % 6.2 %

True positive—TP 3.5 % 7.4 % 2.7 %

Rate of true non-landslide TN/(TN + FP) 70.4 % 30.4 % 77.1 %

Rate of true landslide TP/(FN + TP) 39.6 % 83.5 % 30.2 %

Total rate of landslide FP + TP 30.5 % 70.8 % 23.5 %

Total rate of true—TN + TP 67.7 % 35.1 % 73.0 %

(a) No layering, (b) layering, but slope-parallel seepage, (c) layering with seepage in dip direction of layers
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Risk Evaluation of Landslide Topographic Area
by Aerial Photointerpretation

Toyohiko Miyagi and Eisaku Hamasaki

Abstract

Landslide topographies are widely distributed in Japan and amount to more than

300,000 sits. The area has potential for various kinds of slope disaster such as reactivation,

and high potential of slope failure because of the weak geology. Some landslide deposits

are stable already.

Consequently, some method of the risk evaluation is needed. The authors review the

history of landslide risk evaluation. The approach started by aerial photointerpretation. The

comparative study between the surface features and inner characteristics has a long history.

And the AHP approach for risk evaluation is also established.

Keywords

Landslide topography � Aerial photointerpretation � AHP � Risk evaluation

Introduction

Landslides, being natural disasters, are considered threats to

life and financial capital. Research on landslides has been

employed in the fields of science and technology develop-

ment that relate to natural disaster prevention. That is to say,

it has become applied science that is: ‘utilized when

landslides unfold and natural disaster occur’. Recent projects
on ‘understanding the host of risks linked to landslides’ or
‘risk evaluations of landslide topographies’ in Japan’s aca-
demic community focusing on landslides have made great

advances; moving from past counter measures towards

forecasting inference of landslide risks. We have promoted

and contributed to these developments. Thus, this paper

builds on these advances and reflects chronologically on

how ‘technology aiming to understand existing risks of

landslides’ has been constructed and linked to the risk eval-

uation, and discusses the significance of mapping landslide

phenomena.

The Introduction of Aerial Photo Interpretation
and Recognition of Landslide Terrain

Engineers and academics have broadly applied utilization of

aerial photography since the 1960s. Tohoku University’s
research laboratory for geography obtained a 1/40,000

monochrome aerial photography set taken by the US mili-

tary. This was done for the purpose of analysing aerial

photography and land classification in national land surveys.

In and around 1965, various scholars pointed out that ‘land-
slide topography’ formed through landslides can be

recognized by aerial photography analysis (ex. Ichise

1964). Furthermore, applying aerial photointerpretation in

terrain surveys for dam constructions, cases of unexpected

unstable ground ‘resampling landslides’ were pointed out.

Figure 1 depicts an example of a road showing a range of

slope destructions and landslides occurring (B, C, D), while

in the background of the landslide D we have large-scale
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landslide topography E which cannot be seen from the road.

In this case, landslides C and D are the foremost parts of

landslide E and occurred as a result of previous collapse.

Geomorphologists and engineers who have applied the

reading of aerial photographs to the foot of volcanoes in the

Ōhu Mountains have discovered an expanding topography

caused by massive landslides marked by rough undulations

and unusual horse-shoe shape cliffs. In an abstract of a

conference presentation entitled ‘A Landslide Topography

of Funagata Renpō Hokuroku,’ Chida et al. (1971)

concluded that the results of a land survey show that this is

a landform formed by landslides. At the same time, Hatano

analyzed the ‘Sendai’ area using a 1/200,000 topographical

map and provided a map highlighting various slope terrains

possibly created through landslides (Hatano 1974). Hatano

was probably the first in Japan who illustrated the distribu-

tion conditions of large-terrain landslides. Since Hatano’s
revelations Terado (1978), Miyagi (1979), Shimizu et al.

(1982–1988), Japan Landslide Society Tohoku Branch

(1992) have put forward distribution maps of landslide

terrains for various areas in Japan.

In order to locate ‘landslides’ as significant factors

forming slope terrain, time was required for the National

Research Center for Disaster Prevention (today the National

Research Institute for Earth Science and Disaster Preven-

tion) to conduct research and publish 1/50,000 Landslide

topographic area distribution maps. Moreover, the analysis

following the discovery of landslide topography was

conducted with great scientific interest in important geomor-

phological questions of ‘how slopes develop’. The introduc-
tion of aerial photointerpretation has advanced research on

quaternary tectonic movements and the development of

topography which has focused on the recognition of terraces

and active faults. The recognition of landslides was

advanced addressing the question of how to locate mass

movement as a factor in explaining the topographical devel-

opment of slopes.

The analysis of landslides through aerial photointerpreta-

tion allows us to distinguish topographical areas created

through landslides from those which did not result from

landslides. Landslide terrain is clearly demarcated from

general slopes through the landslide scarps (Varnes 1978).

The main part of a landslide is surrounded by slips and

recognized as consisting of moving objects such as the

landslide body. Landslide topography is constituted by slip

surface so called surface of rupture and moving material

called the landslide body. Various types of shape and incli-

nation of slip precipices exist. Moreover, the moving parts

themselves undergo various changes in form and substance

in the process of movement which appears in the form of

micro-topographical features at the surface of the moving

part.

From Recognizing and Mapping Landslides
to Risk Evaluation of Landslides

As a vast range of landslide topographies has been mapped,

the meaning of these distributions became the object of

inference. Looking at the distribution of a large quantity of

landslide topographies in the southern Ohu mountains in the

Tohoku region, criticism was expressed arguing that ‘given
the large quantity of landslides disaster prevention would be

impossible’, while others questioned the wisdom of referring

to ‘everything as a landslide’. It was here that the Japan

Landslide Society’s Tohoku and Hokkaido regional

branches have published their own reviews on knowledge

and technology with regard to landslides and landslide pre-

vention. The publication entitled ‘Landslides and Landslide

Topography in the Tohoku Region’ published by the

society’s Tohoku branch (Japan Landslide Society Tohoku

Branch 1992) has used both terms: ‘landslide’ and ‘landslide
topography’, and thus clearly emphasized the differentiation

between landslides as a phenomenon of material movement

of slopes and landslide topography which is formed as a

result of such a phenomenon.

Naturally, the topography caused by the effects of

landslides creates particular landslide topographies. Further-

more, it has been pointed out that the micro-topography

constituted through landslide topography corresponds to

the material character and movement of landslides (Miyagi

1979; Yagi 2003). Landslide topography consists of a host of

basic units of topography. Each of the topographic units is

formed by peculiar processes; thus, it has been suggested

that by understanding the formation of micro-topographies it

is possible to investigate the form of movement and the

location of the slide structure, as well as the formation

processes of landslide topographies, and the mechanisms

of landslides (Kimata and Miyagi 1985). Later, this idea

was linked to the “Autonomic Destruction Process” of

Fig. 1 Relation between landslide topography and slope disasters
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landslide topographies. Here it was argued that ‘through the

occurrence of a destruction of an initial landslide action at

the slope the conditions of the material and water system

change in the damaged area. This can serve as a cause for the

occurrence of secondary landslides. Here, deformed and

transformed conditions of the material and water cause

peculiar forms of landslide (surface change and formation

of micro-topographies as reflections of scale, frequency, and

movement form)’ (Miyagi 1990) (see Fig. 2, below). As a

result, we can examine the characteristics of the instability

and the movement of each specific landslide unit by setting

an indicator axis and by investigating the conditions of

change.

Time from Occurrence of Initial Landslides
Until Reduction and the Intermittent of
Landslide Activity

An overwhelmingly large number of landslide topographies

take a very long time before reduction. Some argue that in

case of large-scale landslides of more than 1 km2, a time

frame of more than 100,000 years is required (Yanagida and

Hasegawa 1993). If this is the case, landslide disasters exist

in extremely long time horizons which transcend human

time perceptions but are fatal phenomena which can occa-

sionally occur. Many of the existing landslide topographies

are not dangerous, but a few have reached stages at which

they frequently cause damage. Here, we can assume that

depending on the location of the landslide (topographic

location conditions: e.g. foremost parts of a movement

object which confront frontal slopes of rivers are in unstable

conditions), landslides have become more unstable, and a

small number of these landslides constitute under a number

of specific conditions an unstable area of high risk. Through

understanding and evaluating these conditions, we may eval-

uate which landslide topographies will cause natural

disasters in the near future. Experiencing trial and error,

risk evaluation of landslide topographies has advanced to

its current form.

Substantial analysis of the risk evaluation methods of the

landslide topography in the Tohoku region have been

conducted for Iwate Prefecture’s Sediment Control Division

and Miyagi Prefecture’s Natural Disaster Prevention and

Sediment Control Division, and have served as the basis

for the drafting of manuals.

Risk Assessment and Efforts of Technological
Advancement

It goes without saying that risk assessment, (that is, assess-

ment of the stability and instability of landslide areas which

is predicated in the principle of disaster prevention and an

understanding of the use of land) is conducted through

evaluating the characteristics of the material and water, as

Fig. 2 Hypothesis of autonomic destruction processes caused by the

occurrence of initial landslides The 1992 published ‘Landslides and

Landslide Topographies in the Tohoku Region (Japan Landslide Soci-

ety Tohoku Branch)’ contains geological maps and allocation maps of

landslide topographies, counter-measure examples for local authorities

for landslide prevention, as well as information on how to analyze a

landslide topography, geology, allocation, mechanisms and risk. As

such, this has been a comprehensive and ambitious work relating to

our current tasks
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well as the surface of slide. However, given the vast number

of existing landslide topographies it is, from an economical

and personnel standpoint, impossible to conduct sufficient

on-site surveys or boring surveys. It would be a rational

solution if the degree of risk could be assessed through

some indirect method. The idea of assessing the degree of

risk of individual landslide topographies through aerial pho-

tograph interpretations, while being only a first step in the

process of evaluation, represents a procedure in which criti-

cal areas (that is, areas which require careful on-site surveys)

are selected and in which surveys are focused.

We were confronted with significant problems in

conducting concrete risk assessments. Before we had to

assess the risks of a given landslide topography, we did not

discuss the basic problem of ‘how unstable were landslide

topographies, disregarding the way in which these micro-

topographies have been recognized’. That is to say, firstly,

we have to consider whether we can find a corresponding

relationship between the appearance of a landslide topogra-

phy (that is, the micro-topography), and internal structure,

(that is, the movement form), the material characteristics,

and the structure of the slide. Secondly, we have to consider

to what extent indicators shown by the landslide topography

directly relate to its risk assessment.

Here, we introduce an example which analyses the corre-

spondence between the micro-topography of the moving part

of the landslide, the internal part of the moving part which

constitutes the topography and the characteristics of the slide

surface.

The Ōhokamizawa Landslide area is an active large-scale

landslide which reaches a length of 1.3 km, and is one of the

prominent landslides in Japan which has been subjected to

detailed surveys (see Fig. 3).

Figure 3 above follows this survey data. We explain the

data very briefly below. The vertical sections of the slide

surface (Surface of rupture) are developing in several active

steps, and the landslide topography’s (vertical sections at the
ground surface) slope surface and upper parts show a variety

of staircase patterns. The material of the moving part

consists of background and upper parts of the landslide

area of new trenches created through new rocks while the

middle part consists of rock debris and colluvium like

deposit; the lower region of the moving part consists of

cohesive soil (see the bar graph in Fig. 4, below). Using

data gathered by a large number of extensometers at the

ground surface, we see that the upper-region of the moving

part tends to be pulled, while the lower region tends to be

placed under pressure. If we look at the micro-topography

(minor cliffs, cracks and slope precipices) we see that a host

of large-scale scarps is located in the rear of major slope

precipices. Around the upper parts surrounding major slopes

a vast number of convex cracks develop. The form of the

cracks and minor scarps change to become convex in the

lower part, demarcating a large-scale precipice. Further-

more, the 1/3 lower part of the landslide body, the crack

and scarp disappears and changes into hummocky ground

surface. The evidence alluded to above illustrates that in the

process of a large-scale landslide topography, a forefront

landslide lower-part of approx. 300 m occurs, while

landslides of similar scale repeatedly occur-in this case

about four times thus far. In the meantime, each landslide

is active through entailing particular slide surfaces, due to

the monoclinic structure of slopes in the layers of the given

region. Moreover, in the background of the main landslide

slope, we see expanding parallel cracks which indicate the

occurrence of new landslides.

The evidence introduced here illustrates the moving

mechanisms and material characteristics of landslides as

expressed in a micro-topography. That is to say, ‘if can

predict the particular movement and material characteristics

of a landslide, we may be able to analogize the risk of a

reoccurrence of a landslide’.

Establishment of an AHP-Based Risk
Assessment Method for Landslides

The discussion on risk assessment of Iwate Prefecture began

with the recognition of mini-topographies. The method

applied at this time is the AHP (Saarty 1980) approach

introduced by Hamasaki (Miyagi et al. 2004). Japan

experiences landslide disasters almost every year. It is for

this reason that many surveys are conducted and

countermeasures put in place. Engineers who have rich on-

site experience and are familiar with the technology of aerial

photointerpretation have supported the basic academic

knowledge and contributed to judgments on the risk of

landslides in the area. However, in many cases this experi-

ence cannot be expressed plainly in words. While senior

engineers evaluate someone’s ‘views as appropriate or as

the masterly performance’, it is difficult to communicate this

understanding to junior scientists and engineers. Risk assess-

ment employing AHP has emerged from the discussions of

these engineers who possess these views. Concretely, using

practical sample pictures, seven engineers are summoned for

the purpose of debating problems of defining a micro-

topography constituting a landslide, its recognition, as well

as which indicators are important in showing risks of a

micro-landform. Through reiterating such debates unclear

concepts are restructured into clear definitions. As such,

ideas are created as to ‘which micro-landforms are to extent

indicators of instability’. This process transforms tacit
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Fig. 3 A series of data in case of Ohokamizawa landslide

Fig. 4 Landslide cross section of the Ohokamizawa landslide
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knowledge into explicit knowledge. It is here that data

sheets on landslide risk assessments are produced.

Assessed indicators of micro-landforms are easier to

comprehend, if few in number. Definitions of these

indicators should be clear. Furthermore, one should

not ignore the configuration of the micro-landforms

subjected to recognition. Based on these considerations,

items shown in Fig. 5 above have been determined and

allocated. AHP assessments of each check-item are the out-

come of reiterated paired comparisons conducted in

discussions among the group of engineers mentioned

above. The allocation of the check-items distinguishes

between main slip precipices of landslides and their moving

parts, while categorizing them into three assessment axes

based on their topographic location as a micro-landform’s
border part, internal region of a moving part, or front-region

of a moving part; here, a series of recognition axes

are established for each micro-landform. It is not easy to

recognize a micro-landform through aerial photointerpreta-

tion. Analysts with little experience may come to

false assessments which may directly link to ambivalent

risk assessment scores. Thus, at present it is necessary to

establish training programs for those analysts.
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Accounting for Variability in Rain-Event Intensity
and Initial Conditions in Landslide Triggering Return
Period Mapping via a Monte Carlo Approach

David J. Peres and Antonino Cancelliere

Abstract

In this study, a Monte Carlo simulation approach is proposed for mapping landslide hazard

in terms of return period, in order to account for both rainfall high frequency variability and

antecedent precipitation that determine initial conditions. The Monte Carlo approach

combines a stochastic rainfall generator with a physically-based landslide triggering

model. More in detail, the Monte Carlo simulation methodology comprises the following

elements: (a) a seasonal Neyman-Scott Rectangular Pulses (NSRP) model to generate

1,000-years of synthetic hourly point rainfall data; (b) a module for rainfall event identifi-

cation and separation from dry intervals; (c) the Transient Rainfall Infiltration and

Grid-Based Regional Slope-Stability (TRIGRS) model, version 2 (Baum et al. 2008,

2010) to simulate landslide triggering by rainfall infiltration, integrated with (d) a water

table recession (WTR) model aimed at computing the initial water table height to be used in

simulating rainfall events with event-based model TRIGRS.

An application of the method is carried out to map landslide triggering hazard in the

Loco catchment, located in the Peloritani Mountains, Sicily, Italy, an area highly prone to

landslide risk.

Results show that return period estimation may be significantly affected by both rainfall

high-frequency variability and antecedent precipitation. Comparison with results obtained

from the IDF-based procedure, shows that the latter widely-used approach generally leads

to an overestimation of the return period of landslide triggering, i.e. a non conservative

estimation of landslide hazard. Hence the IDF-based approach should be properly modified

to account for at least the effect of antecedent precipitation.

Keywords

Hazard � Stochastic models � Giampilieri � Neyman Scott � TRIGRS

Introduction

Estimation of the return period of landslide triggering has

been carried out by several researchers (D’Odorico et al.

2005; Rosso et al. 2006; Salciarini et al. 2008; Tarolli et al.

2011) coupling a hydrological and slope-stability

physically-based deterministic model (cf., e.g., Montgomery

and Dietrich 1994; Iverson 2000; Baum et al. 2002, 2008,

2010; D’Odorico et al. 2005; Rosso et al. 2006) with Rainfall
Intensity Duration-Frequency (IDF) relationships, typically

assuming hyetographs of constant rainfall rate (cf., e.g.,

Rosso et al. 2006; Salciarini et al. 2008; Tarolli et al. 2011).

On the other hand, D’Odorico et al. (2005) showed that

temporal variability of rainfall intensity within events affects

potential for landslide triggering. More specifically, they

investigated the role of hyetograph shape on landslide trig-

gering using beta-shaped hyetographs with an hillslope
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model given by the combination of the Iverson (2000) and

Montgomery and Dietrich (1994) models, showing that

variable-intensity hyetographs have a stronger destabilizing

effect than constant-intensity ones of the same volume, and

thus that return period is underestimated under the

commonly-adopted assumption of rainfall of constant

intensity.

Furthermore, often the initial condition (initial water

table height), is assumed as fixed whereas it exhibits

variability stemming from antecedent precipitation, which

therefore should be taken into account for the estimation of

return period. For instance, the asymptotic solution of

Montgomery and Dietrich (1994), used in D’Odorico et al.

(2005), does not take into account the aleatory nature of

initial conditions, because the steady-state precipitation

rate, that determines the initial condition, is a fixed value.

Indeed, initial conditions are determined by past rainfall and

hence the initial water table depth may be viewed as a

random variable, i.e. to each initial condition a different

probability to occur should be associated and taken into

account in estimating return period, which otherwise would

have the meaning of return period conditioned to the

prefixed initial condition.

The aim of this work is to propose a Monte Carlo

approach for landslide return period estimation which

considers stochastic time-variability of rain intensity within

rain events and initial water table height to events derived

from past rainfall.

In particular, the TRIGRS model by Baum et al. (2008),

based on analytical solutions to the 1D vertical infiltration

Richards’ equation, is combined with a sub-horizontal drain-

age model based on similar assumptions adopted in Rosso

et al. (2006). Long rainfall input to such combined model is

stochastically generated via a Neyman-Scott Rectangular

Pulses (NSRP) model at the hourly time scale, thus enabling

to estimate return periods with good reliability.

An example of application of the approach is presented

with reference to the Loco catchment, located in the highly

landslide-prone area of the Peloritani Mountains, Sicily,

Italy.

Methodology

Monte Carlo Simulation Framework

The Monte Carlo simulation procedure consists of the fol-

lowing steps:

1. A stochastic rainfall model, calibrated on observations at

a site nearby the case-study catchment, is used to generate

a 1,000-year long hourly rainfall time series

2. The synthetic rainfall time series is pre-processed in order

to identify rainfall events and their interarrival durations.

In particular, when two wet spells are separated by a dry

time interval less than Δtmin, these are considered to

belong to the same rainfall event; otherwise two separate

rain events are considered. A number Nre of rainfall

events results from this step

3. An initial value of the water table height is fixed to start

simulations of the hydrological response for the whole

rainfall time series. For the analyzed case-study area and

many similar cases, it may be assumed that at the begin-

ning of each hydrological year the water table is at the

basal boundary, because an almost totally-dry season

comes before. As this is valid also for the first year,

simulation for first event is conducted considering water

table at the basal boundary

4. The following procedure is then applied to each rainfall

event i ¼ 1, 2,. . ., Nre:

(a) Response in terms of pressure head ψ within rainfall

events is computed using the TRIGRS model. As

pressure head rise may continue after the end of

rainfall, the TRIGRS transient-response simulation-

interval is prolongedΔta ¼ 23 h after the ending time

tend,i of rainfall events
(b) The instant tf,i ¼ max(tend,i, tmax,i) is searched, being

tmax the time instant at which maximum transient

pressure head occurs. It follows that the final

response to rain event i, in terms of water table

height, is ψ(dLZ,tf,i)/β, where β ¼ cos2δ (slope

parallel flow is assumed). Moreover, the time interval

Δti+ 1 ¼ ti+ 1 � tf,i is computed, with ti+1 the instant

at which rainfall event i + 1 begins

(c) The water table height at the beginning of rainfall

event i + 1 is computed by a sub-horizontal drainage

model which uses ψ(dLZ,tf,i)/β and Δti+1
5. The result is a series of pressure head responses to rainfall

events of Nsim years, which is analyzed for return period

computations.

In the following subsections the rainfall stochastic model,

the TRIGRS model and the sub-horizontal drainage model

are briefly described.

Rainfall Stochastic Model

At-site rainfall is modelled in this work as a Neyman-Scott

Rectangular Pulses process (Rodriguez-Iturbe et al. 1987).

Within the NSRP process framework, the synthetic rain-

fall time series is originated as follows: first storm origins are

generated via a Poisson process of parameter λt; then a

number of rectangular pulses for each storm origin is

generated by a Poisson distribution of parameter ν; each
pulse has time origin from its storm origin that is taken

from an exponential distribution of parameter β; the pulse

duration is extracted from an exponential distribution with
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parameter η and its intensity comes from a Weibull distribu-

tion of parameters ξ and b.

We carry out calibration of the NSRP by the method of

moments, using numerical optimization of a performance

function (e.g., Cowpertwait et al. 1996). Moreover, we

assume seasonality of rainfall as piece-wise stationary,

i.e. calibrate different models for each stationary period

(a month or group of months) within the hydrological year.

TRIGRS Model

The TRIGRS model by Baum et al. (2008) is based on the

analytical solution of the 1D Richards’ infiltration equation

with an exponential soil-water characteristic curve

K(ψ) ¼ Ks e
α(ψ�ψ

0
), where ψ is the pressure head, Ks is

the saturated hydraulic conductivity, α is the Soil Water

Characteristic Curve parameter and ψ0 ¼ �1/α is the pres-

sure head at the top of the capillary fringe. Moreover, soil

pressure head model requires the following parameters: the

residual water content θr, the water content at saturation

θs and the diffusivity at saturation D0. Once pressure head

is computed, the factor of safety for slope stability is

estimated by the following formula:

FS Z; tð Þ ¼ tanϕ
0

tan δ
þ c

0 � ψ Z; tð Þγw tanϕ
0

γSZ sin δ cos δ
ð1Þ

where c0 is soil cohesion for effective stress, ϕ0 is the soil

friction angle for effective stress, γw is the unit weight of

groundwater and γs is the soil unit weight and δ is the slope

angle. As we assume a finite basal boundary depth dLZ, the

factor of safety along vertical direction Z is always minimum

at the basal boundary Z ¼ dLZ.

Water Table Recession Model

Water table height recession between storms is modelled

by means of the following mass-conservation equation

(cf. Rosso et al. 2006):

BhKS sin δ ¼ �A ϑs � ϑrð Þ dh
dt

ð2Þ

where A is the contributing area draining across the contour

length B of the lower boundary to each element of the

catchment cell-discretization; the ratio A/B is the well-

known specific upslope contributing area A/B ¼ BNd,

where Nd is the number of cells draining into the local one

as we determine flow paths via the single direction (D8)

method (O’Callaghan and Mark 1984).

Solution to (2) is used to compute the water table height at

the beginning of rain event i + 1:

hiþ1 ¼
ψ dLZ; tf , i
� �

cos 2δ
exp � KS sin δ

BNd ϑs � ϑrð ÞΔtiþ1

� �
ð3Þ

Return Period Estimation

Return period of landslide triggering is defined as the mean

interarrival time of a pressure head ψ � ψcr where ψcr is the

critical pressure head, corresponding to FS ¼ 1.

It may be worthwile to mention that the objective is to

analyze the probability of landslides for given catchment

(and climate) conditions. This implies that no modelling of

soil parameters’ change, and in particular of soil depth

(which generally changes at every landslide event), is to be

made, as return periods are computed to have the meaning of

hazard for that given catchment condition.

For the estimation of TR we consider that in many cases,

there is a season that is almost totally dry and long enough to

bring to zero the water table height at the beginning of the

rainy season. Hence memory is in this case limited to such an

hydrological year. This allows to consider hydrological-

annual maxima of pore-pressure statistically independent,

and to compute the return period of ψcr with the formula:

TR ¼ 1

1� F ψ crð Þ ð4Þ

where F(ψcr) is the non-exceedance probability of ψcr. In the

case of the Mediterranean area, we consider the hydrological

year starting from September. Because simulations are

carried out for a large number of years, the empirical

cumulative frequency distribution derived from Monte

Carlo simulations is directly used as F(ψcr). In particular,

for estimating cumulative frequency, we use the formula

F ¼ (m � 0.35)/Nsim (cf. Stedinger et al. 1993), where m
is the rank of the hydrological-year maxima value.

On the other side, the commonly-used approach for the

estimation of return period of landslide triggering, involves

the estimation of the rainfall Intensity-Duration-Frequency

(IDF) curves. Each IDF curve describes the relationship

between rainfall Intensity and rainfall Duration for a fixed

return period TR.

The general form of the IDF curves can be determined

within the assumption of simple scaling as (Burlando and

Rosso 1996):

IF ¼ m1xFt
n�1 ð5Þ

where IF is the rainfall rate that can be exceeded with a

probability of (1 � F) in a year, m1 the expected value of

annual maximum rainfall depth for the unit duration, n the

scaling exponent, and xF the F-quantile of the renormalized

variate, i.e. of the ratio between rainfall depth and its mean.
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A probability distribution model has to be fitted to annual

maxima of the renormalized observed rainfall rates. We

choose the general extreme value (GEV) distribution,

which has the following cumulative distribution function:

FX xð Þ ¼ exp � 1þ x� μ0
σ0

ξ0

� �� 1
ξ0

( )
ð6Þ

where μo, σ0 and ξ0 6¼ 0 are parameters to be estimated from

the sample. For consistency with the Monte Carlo procedure,

we estimate the IDF curve parameters from the annual

maxima series, of various durations, extracted from the

NSRP synthetic hourly series.

Coupling the uniform-hyetograph critical Intensities and

Durations, i.e. the ICR ¼ f(DCR) relationship, derived by the

model simulating the response to uniform hyetographs and a

prefixed initial condition (we consider the initial water table

at the basal boundary) with the IDF relationship enables to

estimate return period of landslide triggering. In fact, for

each triggering threshold ICR ¼ f(DCR) valid for a given set

of hillslope parameters, return period is a function of DCR

(see, e.g., Salciarini et al. 2006). Nonetheless, following the

approach by Rosso et al. (2006) we search for the minimum

return period corresponding to the model-derived triggering

condition ICR ¼ f(DCR). Hence to each relationship

ICR ¼ f(DCR) corresponds a single value of TR.

Application

Case Study

An application of the proposed approach has been carried

out with reference to the Loco catchment in the Peloritani

Mountains, located near the coastline of northeastern Sicily,

Italy (Fig. 1), which has an extent of 0.14 km2. A cata-

strophic debris-flow event occurred on 1 October 2009 in

the area, which caused 37 casualties, hundreds of injured and

thousands of evacuated people in the Peloritani area.

Soil core samples collected in some points in the catch-

ment indicate depth dLZ of the erodible strata (mainly loamy

sands with a significant proportion of gravel) ranging from

4 to 2 m, on slopes from 30� to 40�. Following other

researchers (DeRose 1996; Salciarini et al. 2006, 2008;

Baum et al. 2010), we assumed a negative exponential dLZ
¼ min{32 exp(�0.07δ), 5} relationship between dLZ [m]

and slope δ [�], to distribute spatially this information.

Bedrock outcropping has been considered in areas with

slope δ > 50�. Values of the hydrological and geotechnical

parameters are given in Table 1. We assume cohesion as a

function of slope, c0[kPa] ¼ 5.7/{1 + exp[1�0.67(δ[�]�
35)]}. Such a relation reproduces somehow the few

measurements available for c0, which show cohesion to

increase with slope roughly from c0 ¼ 0 at δ ¼ 30� to

c0 ¼ 5.7 kPa at δ ¼ 40�.
Other data required by the model are given in Table 1.

From these data it results ψcr ¼ 1.359, 0.640, 0.494, 0.336

and 0.322 m for slopes of δ ¼ 30�, 35�, 40�, 45� and 50�,
respectively.

It may be worthwile to mention that this application leads

to results which are valid for the catchment conditions on

1 October 2009 event, as the data used in this work have

been measured closely in time before that event. So applica-

tion is aimed at showing how the procedure can be success-

fully applied to map landslide triggering hazard.

Rainfall series measured from 21 February 2002 to 9

February 2011 (almost 9 years) at Fiumedinisi rain gauge

installed near the catchment has been used for calibration of

the NSRP model, to generate 1,000 years of hourly synthetic

rainfall data.

Based on a preliminary analysis of monthly statistics, six

homogeneous rainfall seasons have been identified:

(1) September and October, (2) November, (3) December,

Fig. 1 Location of the Loco Catchment in Sicily, Italy. Slides occurred

on 1st October 2009 are superimposed on the 2 m-resolution pre-event

DEM
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(4) January–March, (5) April and (6) May–August. Separate

sets of parameters of the NSRP model have been determined

for each one of the four rainy seasons (in total 5 � 4 ¼ 20

parameter values), while the last two seasons have been

considered of negligible rainfall. The Weibull shape param-

eter b has been fixed to 0.6, based on different trials.

Parameters obtained from calibration are shown in

Table 2.

We extracted annual maxima of various durations from the

generated series. Based on these series the IDF curves were

derived. In particular, scale invariance has been assumed for

rain durations 3 < D < 96 h, and the durations of 3, 6, 12, 24,

48 and 96 hwere considered for calibration of IDF curveswith a

GEV distribution assumed for the renormalized variate, leading

to m1 ¼ 66.74 mm and n ¼ 0.1767, and μ0 ¼ 0.1787,

σ0 ¼ 0.2845 and ξ0 ¼ 0.7742 for the parameters of the distri-

bution, estimated via the maximum likelihood method.

These IDF curves were coupled with the hillslope

response computed by the model, assuming an initial water

table height of zero (d ¼ dLZ), to compute return period of

landslide triggering following the so-called traditional

approach.

Return Period Mapping

Results obtained by the IDF-based approach are compared

with those of theMonte Carlo approach in Fig. 2. In particular,

the plots show, for different combinations of slope δ and depth
to basal boundary dLZ, the exceedance probability of the ratio

ψ(dLZ)/ψsat considering different values of the A/B ratio. The

relationship between this variate and factor of safety is given

by (2), and is unequivocal once internal friction angle ϕ0,
cohesion c0 and unit weight of soil γs are fixed.

The comparison between the IDF-based curve and the

A/B ¼ 0 (Nd ¼ 0) one, gives information on the role of

rainfall intensity variability within a rainfall event, these

two curves being derived under the equivalent initial

conditions.

This comparison indicates a general tendency of the IDF-

based approach to underestimate exceedance probabilities of

critical pressure head (i.e. overestimate return period of

landslide triggering) thus resulting non-conservative. These

results are in agreement with the findings by D’Odorico et al.
(2005), which showed that a variable-intensity beta-shaped

hyetograph has a stronger destabilising effect than a

constant-intensity hyetograph of the same volume.

The plots also confirm that, as expected, the effect of

convergent flow, i.e. the specific upslope contributing area,

is to increase exceedance probabilities of triggering, since as

the ratio A/B increases, so does the probability of an higher

initial water table height.

Results obtained through the Monte Carlo approach have

been used to obtain the map of Fig. 3, which gives cell by

cell the return period of landslide triggering. From this map

it can be seen that most of the areas affected by slides on the

1st October 2009 event correspond to those with return

periods less than 25 years.

Conclusions

In this study we investigated the use of a Monte Carlo

framework for the quantitative assessment of landslide

hazard, in terms of return period of landslide triggering.

The proposed Monte Carlo approach couples a stochastic

rainfall generator based on the Neyman-Scott Rectangu-

lar Pulses and a physically-based model for infiltration

and slope stability analysis, based on the unsaturated

version of the TRIGRS program. Such an approach as

opposed to the widely used approach based on rainfall

Intensity-Duration-Frequency (IDF) curves for return

period estimation, enables to account for both rainfall

intensity variability within rainfall events and past rain-

fall time history that determine the initial conditions of

rainfall events. Indeed, the IDF-based approach usually

makes use of constant intensity rainfall inputs and

prefixed initial conditions (water table height at the

beginning of the rainfall event). On the other hand the

proposed approach implicitly takes into account the

Table 1 Hydrological and geotechnical parameters for the Loco catchment

ϕ0 [�] c0 [kPa] γs [N/m3] θs [�] θr [�] KS [m/s] α [m�1] D0 [m
2/s]

37 0 � 5.7 19,000 0.35 0.045 2 � 10�5 3.5 5 � 10�5

Table 2 Results of the NSRP rainfall model calibration

Parameter Jan, Feb, Mar Sept, Oct Nov Dec

λ [h�1] 2.295 � 10�3 21.195 � 10�3 1.485 � 10�3 3.185 � 10�3

ν 44.28 1.57 42.41 42.61

β [h�1] 10.16 � 10�3 2.118 5.955 � 10�3 9.876 � 10�3

η [h�1] 0.721 0.840 0.941 0.677

ξ [hb/mmb] 1.134 0.463 0.693 1.035
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probability of the prefixed initial condition for the esti-

mation of return period.

Application to a landslide-prone catchment in Sicily,

that has recently experienced catastrophic shallow land-

slide events, has shown that neglecting these two factors

may lead to a significant underestimation of landslide

hazard. Thus, both high-frequency rainfall variability

and antecedent rainfall history should be accounted for

in landslide return period estimation.

A further development of the application exercise

conducted in this work, may be to account for the fact

that landslide source areas may move rapidly downslope

as a debris flow (as occurred on 1 October 2009), in order

to incorporate in hazard estimation the specification of

areas that are hit by debris movement and deposition.
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Fig. 3 Return period map derived with the Monte Carlo methodology.

Areas affected by slides on the 1 October event are superimposed on

this map

Fig. 2 Comparison of results in exceedance probability of normalized

pressure head at the basal boundary, obtained by the IDF-based “tradi-
tional” approach (dotted lines) and the Monte Carlo approach (continu-
ous lines). Different curves for Monte Carlo approach are shown for

specific contributing areas of A/B ¼ 0, 10, 20 and 50 m, from left to
right respectively. Each plot corresponds to a combination of slope δ
and depth dLZ to basal boundary
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Predictive Capability of Deterministic and Statistical
Models in Weathered Granite Soil Watershed

Ananta Man Singh Pradhan, Jeong-Rim Oh, Min-Su Jung, and Yun-Tae Kim

Abstract

Every year, the Republic of Korea experiences numerous landslides, resulting in property

damage and casualties, especially in weathered granite soil slopes.

This paper compares the predictive capability of two different models, namely shallow

landslide stability (SHALSTAB), deterministic model and relative effect (RE) model, a

statistical bivariate model for producing shallow landslide susceptibility maps.

Deokjeok-ri Creek was selected for the study. The watershed is mainly covered by

granitic soil. For SHALSTAB analysis a digital elevation model was used. The soil strength

parameters and physical properties of soil were determined in the laboratory. For the

statistical model, the input layers of the landslide conditioning factors were prepared in

the first stage. The effects of causative factors on slope stability were mapped on topo-

graphical maps of 1:5,000 scale. Mainly geomorphic (slope, aspect, elevation, internal

relief, and slope shape), hydrology based (drainage distance, stream power index, topo-

graphic wetness index, sediment transport index, drainage density and soil drainage

characters), soil type and soil depth distribution and forest type and timber age causative

factors and field inventory were used for statistical susceptibility mapping. Model perfor-

mance was assessed using accuracy curve approach. Results show that accuracy is as high

as 88.21 % for SHALSTAB, while it is 86.3 % for RE model. Although SHALSTAB has

certain drawbacks, as described by previous researchers, this study concluded that in a

small watershed and using accurate geotechnical data SHALSTAB can predict the proba-

bility of slope failure in Korean mountainous regions.

Keywords

Weathered granite soil � SHALSTAB � Relative effect � Statistical model � Success

rate � GIS

Introduction

Landslides constitute a major natural hazard in the Republic

of Korea due to high rates of weathering, abundant rainfall

and infrastructure development. Korea is experiencing

changes in climate parameters, including annual temperature

and precipitation (Chung et al. 2004).

During the past 30 years in Korea, average rainfall in

summer season increased from 661 mm for the period

1976–1985, to 710 mm for the period 1996–2005, and to

814 mm for the period 1996–2005. Due to these
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concentrated higher rainfalls, rainfall-induced slope failure

became more serious in Korea. Usually a concentrated

heavy rainfall from July to August has caused slope instabil-

ity in Korea. Rainfall induced landslides are usually shallow

failures on weathered granite slopes in Korea, especially in

unsaturated slopes with antecedent rainfall. These slope

failures are mainly triggered by rainfall infiltration, which

induces a decrease in matric suction as well as in shear

strength (Kim et al. 2004; Rahardjo et al. 2001, 2005).

In Korea, about 228 people have been killed by landslides

from 2002 to 2011. Statistics from the National Disaster

Management Institute (NDMI) shows that landslides are

responsible for at least 34 % of all fatalities from natural

disaster in Korea (Fig. 1).

Intrinsic factors include geological and geotechnical and

geomorphological causes. Intrinsic causes include weak

materials, weathered materials and adversely oriented

discontinuities such as faults.

The soils at the site are weathered granite, exhibiting a

wide range of conditions depending on the degree of

weathering, ranging from those close to rock to those that

contain fine grains, such as silt or clay. Most subsurface soils

are typically in an unsaturated state, especially in mountain-

ous areas. When rainfall infiltrates the ground, the granite

soils become partially or fully saturated. This increases the

fragility of the soil, resulting in significant loss of the shear

strength. As rainfall infiltrates into soils, it decreases matric

suction and consequently the loss of shear strength of soil,

occurring slope failure. Extrinsic causes include triggering

factors such as rainfall, earthquake and human activities.

Human activities include excavation of the slope or its toe,

loading of the slope or its crest, and mining. Landslides in

Korea usually are induced by intensive rainfall in summer

season (Kim et al. 2000). Typhoons Yanni (in 1998), Rusa

(2002), Maemi (2003), and Ewinia (2006) brought particu-

larly heavy rains that caused many landslides in Korea.

This research aimed to develop and compare landslide

prone areas in weathered granite soil using a shallow land-

slide stability model (SHALSTAB) as a deterministic model

and relative effect (RE) method as a probability technique in

the same site in a GIS environment. The predictive

capabilities of these models were finally evaluated using an

accuracy curve plot.

Study Area

Deokjeok-ri Creek was selected for the study. The watershed

is mainly covered by granitic soil. The study area is situated

in the north-eastern hills of Korea. This site lies between the

latitudes 38�0400700N and 38�0504200N and the longitudes

128�1101100E and 128�180E. Gangwon-do is the second larg-
est province after Gyeongsangbuk-do. This site is

surrounded by high and steep mountains, combined with

Korea’s rainfall pattern, in which 50–60 % of total annual

precipitation occurs in summer, makes the area susceptible

to landslides. The area of Deokjeok-ri creek is 33.4 km2.

Typhoon Ewinia brought record-breaking rainfall to the

region. Residents in this area usually live near the main

channel of Deokjeok-ri Creek. By the extreme event in

July 2006, seventeen people were dead and 12 people were

missing in Inje County (Lee and Yoo 2009).

The geologic features of this area include gneisses of the

Precambrian Era and granites of the Mesozoic Era. Various

fault activities, intensively distributed in this area, have

created surface discontinuities, with broken bedrock sloping

in various directions. Weathered granite soil is a generic

term of soils generated through the weathering of granite,

that is, residual soils remaining on the spot. The soils are in a

wide range of conditions depending on the degrees of

weathering from those close to rock to those that contain

fine grains, such as silt or clay. The mechanical properties of

decomposed granite soil after being weathered are affected

by the contents of primary minerals, such as quartz, mica and

feldspar and bed rock structures as well as natural

conditions, such as climates and drain conditions (Kwon

and Oh 2011). Most subsurface soils are typically in an

unsaturated state. In unsaturated soils, suction pressure in

the pore water contributes to an increase in the shear strength

of the soils. Since decomposed granite soil shows various

characteristics of shear behavior dependent on initial

conditions such as weathering degree and grain breakage.

Rainfall-induced landslides are usually shallow failures in

weathered granite slopes in Korea, especially in unsaturated

slopes with antecedent rainfall. These slope failures are

mainly triggered by rainfall infiltration, which induces a

decrease in matric suction as well as in shear strength

(Kim et al. 2004; Rahardjo et al. 2005). The climatic regime

in the area is temperate with a primary peak of rainfall in

summer.

Fig. 1 Total number of casualties by landslide and other natural

disaster
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Deterministic Method

The deterministic or physically based model is based on the

physical laws of conservation of mass, energy and momen-

tum. This model is mainly used to analyze the probability of

landslide when a terrain consists of homogeneous geology

and geomorphology (van Westen and Terlien 1996).

Montgomery and Dietrich (1994) developed a physically-

based model based upon a combination of the infinite slope

equation and a hydrological component based on steady-

state shallow subsurface flow. This model, called

SHALSTAB, has been applied successfully by several

researchers in different parts around the world. This meth-

odology is a couple with a hydrological model and an infinite

slope stability model using ArcGIS software. The

SHALSTAB model predicts the critical rainfall necessary

for slope failure throughout a study area (Montgomery and

Dietrich 1994).

The formulation adopted by the model is a combination

of hydrological and geomechanical components and is

described by the (1), shows the main equation to the model

to compute for each grid cell as unite mapping.

log
Q

T
¼ sin θ

a=b
:

c
0

ρw:g:z: cos 2: tanφ
þ ρs

ρw
: 1� tan θ

tanϕ

� �� �

ð1Þ

where Q is the critical rainfall necessary to trigger

landslides; T is the soil transmissivity (as product of soil

thickness and saturated hydraulic conductivity); a/b is the

contributing area per contour width; θ is the local slope,

ρw is the density of water; g is the acceleration of gravity,

z is soil thickness; ρs is soil bulk density, ϕ is the soil friction

angle and c is cohesion.

The predictive index of this model (stability index) is

expressed in mm day�1 of critical rain and is variable on a

scale of values, where lower values indicate a greater pro-

pensity for instability and higher values indicate a greater

propensity for stability. The levels of instability based on

Log Q.T�1 classes have been shown in Table 1.

In the framework of landslide susceptibility analysis,

SHALSTAB is not used to compute factor of safety but to

provide a relative susceptibility index.

Statistical Method

There are various methods in statistical approach of land-

slide susceptibility mapping. In this research relative effect

method (RE) a bivariate method was used to evaluate land-

slide susceptibility (van Westen 1997; Neelkantan and

Yuvaraj 2013). In this method, a weight value for a causative

factor class is defined as a natural logarithm of the landslide

density in the class divided by landslide density in the entire

map. But in the case of no landslide occurrence in the certain

class of the causative factor, the value becomes undefined.

The natural logarithmic function log (x) is defined only for

x > 0. To overcome this situation relative effect of a param-

eter as determining factor of slope instability is quantita-

tively determined by introducing a “relative effect” function.
For every unit, the ratio of the unit area to the total area of

the study and the ratio of the landslide area in the unit to the

area of total landslide are calculated. The following is the

formula for calculating the density of each parameter class

such as a certain lithological unit or a certain slope class.

Wij ¼ log
f ij
f

� �
þ ε

� �
¼ log

A�
ij

Aij
� A

A�

� �
þ ε

� �
ð2Þ

whereWij is the weight given to a certain class i of parameter

j, fij is the landslide density within the class i of parameter j,

f is the landslide density within the entire map, A*
ij is the

area of landslides in certain class i of parameter j, Aij is area

of certain class i of parameter j, A* is the total area of

landslide in the entire map, A is total area of entire map

and ɛ is a value near to zero to avoid undefined value of

natural logarithmic function.

The resulting total weights directly indicate the impor-

tance of each factor. If the total weight is positive, the factor

is favorable for landslide, whereas if it is negative, it is

unfavorable.

Table 1 Definition of log (QT�1) intervals and instability categories (Montgomery and Dietrich 1994)

Classes SHALSTAB Interpretation of class

Chronic instability Unconditionally unstable and unsaturated

Log Q.T-1 < �3.1 Conditionally unstable and saturated

�3.1 < Log Q.T-1 < �2.8 Unstable and saturated

�2.8 < Log Q.T-1 < �2.5 Unstable and unsaturated

�2.5 < Log Q.T-1 < �2.2 Stable and unsaturated

Log Q.T-1 > �2.2 Unconditionally stable and unsaturated

Stable Unconditionally stable and saturated
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Materials

In this study, a landslide inventory map was prepared using

earlier reports, aerial photographs interpretation and exten-

sive field works. In total 748 landslide scars were mapped

and digitized for further analysis. For SHALSTAB a digital

elevation model (DEM) with a resolution 10 � 10 m grid

size was prepared by interpolation of contour lines. The in-

situ permeability tests were performed in various soil depths.

And shear strength parameters and physical properties of

soil were determined in the laboratory shown in Table 2.

Average soil depth of the creek was estimated about 1 m.

Furthermore, slope percentage map and contributing area

were generated automatically by using DEM in GIS

environment.

For the RE method, among 748 landslide scars, 673

randomly selected landslides (training data) were taken for

making landslide susceptibility model and 75 were used for

validation of the model. In the present study the altitude

ranges from 195 m to 1,224 m and is reclassified into five

classes.

The slope in the study area varies from 0� to 71� and

divided into five categories. The slope aspect map was also

produced from the DEM. In the present study, the aspect

direction is divided into ten classes. Curvature analysis

allows dividing the area into concave, convex, and flat

surfaces. In the study area relative relief ranges from 0 to

80 m and divided in to four categories for analysis. The river

map was used in the ArcGIS 10.1 software to get the prox-

imity to rivers. And drainage density was also generated in

GIS environment.

The topographic wetness index (TWI), which combines

local upslope contributing area and the entire slope, is com-

monly used to quantify topographic control on hydrological

processes. Stream power index (SPI) measures the erosion

power of the stream and is also considered as a factor

contributing toward stability within the study area. A dimen-

sionless sediment transport capacity index (STI) that is a

nonlinear function of specific discharge and slope was

derived by considering the transport capacity limiting sedi-

ment flux and catchment evolution erosion theories (Moore

and Wilson 1992). In the present study SPI is divided into

four classes. Drainage classification of soils refers to the

frequency and duration of periods when the soil is saturated

with water (Soil Survey Staff 1993). In the present study

drainage characteristics of soil is classified as poorly

drained, somewhat poorly drained, moderately drained and

well drained. Based on soil classification given by U.S.

Department of Agriculture (USDA 1993), there are five

soil types within Deokjeok-ri Creek. In this study, relative

soil depth is used. There are four main forest types with in

Deokjeok-ri Creek. Forest types in Deokjeok-ri Creek are

broadleaved forest (mostly Mongolian Oak), mixed forest,

larch, red pine, Korean pine, pine plantation forest,

broadleaved plantation forest, and poplar forest. The non-

forest area is mainly occupied by cultivation and soil

deposits. When vegetation was present everywhere, a dra-

matic change in the size or age of the vegetation helped to

distinguish shear zones. The study area shows the different

age categories of the timber.

The geologic features of this area include gneisses of the

Precambrian Era and granites of the Mesozoic Era.

Result and Discussion

The SHALSTAB map shows seven classes that vary from

stable to chronic instability (Fig. 2). The stable class is not

susceptible to shallow landslides even with strong rainfall. In

contrast, the unstable class is susceptible to landslides even

without rainfall. The five intermediate classes shows degrees

of instability. To better understand how those class interval

were defined, it is considered that transmissivity to be

around 65 m2/day, log Q/T ¼ �3.1 represents a rainfall

amount of 52 mm/day, and log Q/T ¼ �2.2 represents a

rainfall amount of 404 mm/day.

Figure 3 shows the stability index map obtained by

SHALSTAB reveals the area under chronic instability is

2.4 % of the total watershed area. This study found

SHALSTAB log(Q/T) value of <�2.2 flagged 65.14 % of

Deokjeok-ri creek accounting for 97.19 % of the landslide of

the inventory data (Fig. 4).

For the relative effect (RE) based model, the weighing

value of each factor type were calculated from their

Table 2 Properties of soil used in this research

Soil properties Average value

In-situ permeability 1.87E-05 (m/s)

Internal frictional angle (ϕ) 35.61

Cohesion 2.14 (kPa)

Density 1.68 (kg/m3)

Fig. 2 stability index map obtained by SHALSTAB
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relationship to landslide events. Figure 5 shows the landslide

susceptibility map obtained by RE model.

The landslide susceptibility map prepared by RE method

reveals 47.46 % of the area was categorized as having a low

susceptibility, 28.37 % as moderately susceptible, and the

remaining 24.17 % was considered to have high (14.85 %)

and very high susceptibility (9.32 %).

Figure 6 depicts the percentage of training landslides and

validation of landslide data occurrence under different sus-

ceptibility classes/conditions. About 89.6 % of the training

landslide data were located in the high- or very high-

susceptibility class, and 86.7 % of the validation landslide

data were identified as having the same class as that

projected by the model, demonstrating the reliability of the

map. About 9.5 % of the training landslides were in areas

having moderate susceptibility, and ~13.3 % of the valida-

tion landslides were in the same susceptibility class. Of the

training landslides, ~0.9 % were in low-susceptibility areas,

and 0 % of the validation landslides fell within this class.

Model Comparison

The accuracy and predictive capability of the two models

was compared using the success rate curves (Vázquez-Selem

and Zinck 1994; Zinck et al. 2001; Chung and Fabbri 2003),

represents the percentage of correctly classified object (i.e.,

terrain units) on the y-axis, and the percentage of area

classified as positive (i.e., unstable) on the x-axis. A

success-rate curve is based on the comparison between the

susceptibility map and the landslides used in the modeling (i.

e. the training base). This is considered by Chung and Fabbri

(2003) as a degree-of-fit measure.

Figure 7 shows the success rate curve which is obtained

by plotting the cumulative percentage of observed landslide

occurrence against the areal cumulative percentage in

decreasing landslide susceptible index values. For

Fig. 4 Area of shallow landslide in different instability classes

Fig. 5 stability index map obtained by RE

Fig. 3 Area occupied by different instability classes

Fig. 6 Area of landslide in different susceptibility classes
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SHALSTAB model all the landslide data were considered

for the model. The calculated success rate for SHALSTAB

model is 88.21 %. For RE method, the area under a curve is

0.863, which means that the overall success rate of the

landslide susceptibility zonation map is 86.3 %. Apart of

the success rate, the prediction rate really gives a good

estimation of the predictive power of the map. The predic-

tion rate is carried out with validation landslide inventory.

The predictive rate of 88.6 % was found for the landslide

susceptibility map. The prediction capability of these two

models is good. As it can be seen, both models show better

performance.

To check the effective spatial distribution of susceptibil-

ity zones, both maps produced by SHALSTAB and RE

methods were overlaid in GIS and respective percentage

coverage in each susceptible class was evaluated. Higher

probability class of deterministic susceptibility map could

not tally with high susceptibility classes of statistical suscep-

tible map. It means final susceptibility maps prepared using

statistical and deterministic methods produced similar

results for the low susceptibility zone, whereas high suscep-

tibility areas are not exactly similar. This is because the

statistical method is based on density of landslide and the

deterministic method is based on hydro-geomechanical

properties of soil.

Conclusion

In order to predict future shallow landslides in Deokjeok-

ri creek, landslide susceptibility mapping has been

prepared using SHALSTAB and RE methods. Seven

different instability classes based on log (Q/T) parameter

were calculated in SHALSTAB. Approximately, 34.75 %

of the entire study area was calculated as unconditionally

stable. Furthermore, 2.81 % of observed landslides

located in the stable zone that indicated error of the

model. The RE method, a bivariate method was applied

and landslide susceptibility map was prepared using the

result of a combination of sixteen various causative

factors responsible for landslide susceptibility. In the

RE method, the results show the area under very high

and high susceptible zones accounts for 24.14 % of the

total hill slope area. In high, very high and moderate

hazard zones, about 89.6 % of the total landslides are

located. When the map of SHALSTAB model is crossed

with the map from RE method, lower susceptibility clas-

ses are more or less congruent with each other, however,

the higher susceptibility classes could not define this

similarity.
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Area Based Landslide Hazard and Risk Assessment
for Penang Island Malaysia

Shabri Shaharom, Low Tian Huat, and Mohd Asbi Othman

Abstract

The demand for infrastructure development and building construction has encouraged

development over new areas of challenging terrain and encroachment into existing,

otherwise stable, highland areas. In 2008, The Slope Engineering Branch (CKC) of The

Public Works Department had initiated a Slope Hazard and Risk Assessment in Hulu

Kelang Ampang Area. In 2010, CKC again has extended the slope hazard and risk

assessment to other critical areas i.e., Penang Island which is in line with the long term

plan in the National Slope Master Plan. Penang Island has a history of landslide damages

following heavy rains. As many development and housing projects are taking place at the

hilly terrain, the hill slopes are not exempted for building platforms and excavation in the

hilly areas around Penang island is rapidly increasing, amidst regulatory concerns. This has

resulted in incidences of geotechnical instability causing numerous landslips, some of

which are fatal.

In view of formulating medium term and long termmeasures towards an effective policy

of inspection and monitoring of development in Penang island, An area based landslide

hazard assessment was proposed to initiate a slope hazard assessment and mapping for the

proposed area. Geographical Information System (GIS) was adopted as the base machine

for the production of the landslide hazard and risk map. This paper highlights the area based

landslide hazard and risk assessment using GIS application. The landslide hazard and risk

assessment methodology and map preparation using GIS application for the study are also

highlighted.

Keywords

Landslide � Area based � Slope hazard and risk assessment � GIS � Hazard and risk map

Introduction

The demand for infrastructure development and building

construction on Penang Island has forced the development

to encroach into hilly areas. Penang Island has history

of landslide damages following heavy rains. Due to this

frequent landslides occurrence in areas associated with

developed hilly areas, Penang Island has been selected by

Slope Engineering Branch of Public Works Department

Malaysia as a study area after Hulu Kelang Study for the

evaluation and mapping of slopes hazard and risk. The study

of these areas, known for numerous landslide occurrences
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over the last two decades, would provide the Government

with a systematic tool for slope management to facilitate

immediate remedial measures and long term preventive

works.

Landslide Hazard and Risk Assessment
Methodology

Slope assessment is used to assess the stability condition

of slopes either individually or on a large scale. Slope

assessment is also carried out to understand the likely

mechanism which triggers potential occurrence of a land-

slide. Slope management, on the other hand, is an efficient

use of available funds for slope rehabilitation works based

on priority rankings of slopes using hazard and risk

techniques.

Hazard maps have been used throughout the world to

identify areas of either existing or potential slope instability.

Such maps have been applied to land development projects,

new and existing highways, and mining works. In general,

hazard maps can be developed in a number of ways, ranging

from simple qualitative or historical assessment, to varying

degrees of site mapping and scientific analyses involving

statistical and other numerical software packages.

The methods of preparing Hazard Maps have been

categorized by Hutchinson (1995) into three groups, namely:

1. The Geotechnical Approach. This approach involves

sampling, logging and testing, and generally is too expen-

sive for large area study. The Geotechnical Approach and

Direct Methods (described below) are generally adopted

for site specific projects rather than large area study.

2. Direct Methods. These methods are based principally on

geomorphological mapping, geological mapping and

remote sensing (primarily aerial photography). These

methods produce a landslide map that can be converted

to Hazard Map, through appropriate subdivision and

zoning of activity.

3. Indirect Methods. The simplest indirect methods

involve univariate and bivariate analyses to identify

single parameter or pairs of parameters that cause or

contribute to slope instability. An example of univariate

analysis is a plot of slope failure versus slope height and

bivariate analysis, for example slope angle versus slope

height. The level of complexity involves multivariate

analysis. Multivariate analyses include factor mapping

(herein described as factor overlay) combined with

numerical methods to identify hazardous areas.

The Indirect Methods assume that there are a number of

significant factors that relate to slope instability, and that

these factors combined contribute to slope failure.

The common landslide hazard analysis or classification

can be divided into four main categories namely;

(a) Heuristic Method (Expert Judgement approach)

(b) Statistical Method (Discriminant or Multivariate

Analysis)

(c) Deterministic Method (common Slope Stability

Analysis approach)

(d) Spatial Method (Aerial photograph and Satellite

Interpretation)

The application of these methods is subjected to the

following conditions:

(a) The scale of landslide assessment—In general, if the

scale of hazard study is small, simple methods such as

heuristic methods and deterministic methods can be

adopted. Statistical methods will only be applied when

there are sufficient slope failure records and slope

numbers.

(b) Availability of information—Some assessment methods

such as discriminant analysis require sufficient failure

history records in order to obtain an accurate hazard

classification. The failure records are required to

segregate/discriminate failed and stable slopes based on

landslide contributing factors. (see Othman 1989)

(c) Type of landslide assessment—In general, landslide

assessment can be divided into two main categories;

linear based assessment and area based assessment.

Linear based hazard assessment is for slope hazard

assessment along linear infrastructures such as roads,

expressways, railways and electric transmission lines.

As for area based assessment is mainly on development

area such as housing development. Spatial method using

Geographical Information System (GIS) approach is

recommended for the area based hazard assessment.

Both methods of Direct and Indirect approach adopted in

Hulu Klang project were adopted in the study. A direct

method based on geomorphology is important in this study.

Most landslide preparatory causal factors in study area

(developed area) were due to human activities, lack of

maintenance, design inadequacy and construction problems;

the slopes do not behave as predicted in slope stability

theory. These unpredicted factors require detailed field

inspection and mapping. The geomorphological map

prepared from field inspection was used as calibration tools

in the hazard assessment.

As for the indirect methods, a heuristic method was

adopted in the study. Weightings adopted in the factor

overlay approach were derived from the expert’s survey

and were used to classify the landslide hazards. The layers

for this indirect approach are:

(a) Slope angle

(b) Flow accumulation

(c) Land cover
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(d) Geological formation (bedrock type)

(e) Geological lineament

(f) Rainfall density

(g) Failure history

Landslide risk assessment is a process of making

recommendations on the decision of whether existing risk

is tolerable and the present risk control measures are

adequate, and if not, whether alternative risk control

measures are justified or should be implemented. The risk

assessment incorporates the risk analysis and risk evaluation

phases.

Landslide risk is defined as expected number of lives lost,

persons injured, damage to property and disruption of

economic activity due to particular landslide hazard for a

given area and reference period.

In general, risk is a result of the product of probability or

hazard (of occurrence of a landslide with a given magnitude)

and the consequence of the landslide incident. The equation

for Risk (R) is as follows (PWD 2004):

Risk ¼ Hazard Hð Þ � Consequences Cð Þ ð1Þ

A complete risk assessment requires quantitative risk

assessment which involves the quantification of a number

of different types of losses, such as:

(a) Losses associated with general building stock: structural

and non-structural cost of repair or replacement, loss of

contents;

(b) Socioeconomic losses: number of displaced households:

number of people requiring temporary shelter, casualties

in categories of severity (based on different times of day)

(c) Transportation and utility lifelines: for components of

the lifeline systems—damage probabilities, cost of

repair or replacement and expected functionality for

various times following a disaster

(d) Essential facilities: damage probabilities, probability of

functionality i.e., loss of hospital beds or operation

theaters etc.

(e) Indirect economic impact: business inventory loss,

relocation costs, business income loss, employee wage

loss, loss of rental income, long term economic effects

on the region.

A major component of risk assessment is the risk

analysis. Risk analysis is an estimation of the risk to

individuals or populations, property or environment from

landslide hazard based on available information. Risk

analyses generally follow the following steps:

(a) Landslide identification

(b) Estimation of probability of occurrence to estimate

landslide hazard

(c) Evaluation of the vulnerability of the element(s) at risk

(d) Consequence identification

(e) Risk estimation

Risk analysis can be either qualitative or quantitative.

Qualitative risk analysis, which uses word form, descrip-

tive or numeric rating scales to describe the magnitude of

potential consequences and likelihood that the identified

consequences will occur, while quantitative risk analysis is

based on numerical values of the probability, vulnerability

and consequences, and resulting in a numerical value of

the risk.

Geographical Information System (GIS) has been

adopted to facilitate the slope hazard and risk assessment

and analysis. GIS software is a powerful set of tools for

collecting, storing, retrieving at will, transforming and

displaying spatial data from the real world for particular

set of purposes. Therefore GIS has been selected as the

base operation software to analyse slope hazard and produce

area based hazard maps. Survey data from the airborne

survey using LiDAR (Light Detection and Ranging) was

used to produce the base map and spatial layers i.e., slope

angle layer and flow accumulation layers etc., for slope

hazard analysis. As for risk analysis, database from the

field mapping works was adopted in the GIS environment.

Light Detection and Ranging Survey

LiDAR is one of the best techniques to produce geomatic

data for any geographical purposes. Figure 1 shows the

schematic diagram for data capturing using LiDAR. This

option has its own unique solutions to deliver close to

ground data accuracy at an airborne speed with little effect

from bad weather. It totally eliminates the ground control

point need for imagery processing. At very high speed, the

current LiDAR mapping technology can provide a very

accurate terrain model to produce a contour map of

terrain floor of any forest or cleared land to within 0.15 m

resolution. Three-dimensional spot heights are produced at

0.2–3 m grids depending on flying height and skewing angle.

One disadvantage of this technology is the limitation

to survey the information/features that are hidden from

airborne capture such as culverts, pier below bridges, etc.

But the big advantage is quick mapping of hostile grounds,

densely forested jungle, non-accessible areas or large

area which requires high accuracy and intensity of data.

Therefore, for the Penang Island study, field mapping by

geotechnical engineers and geologists were proposed to

overcome this limitation.
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Hazard Assessment and Analysis

In view of limited landslide records made available, the

calculation of landslide hazard rating using statistical

approach is not suitable. The common method of hazard

classification using multi-variates, discriminant analysis

will not provide accurate hazard rating.

Before formulating the hazard rating model, the dependent

model parameters shall be identified. A landslide cause tree

diagram was prepared to identify all the potential preparatory

and triggering causal factors of a landslide. These geographi-

cally distributed causal factors or parameters that potentially

contribute to landslides are referred to in this study as land-

slide dependent model parameters. The proposed dependent

model parameters used are as follows:

(a) Slope gradient

(b) Geology

(c) Flow accumulation

(d) Land cover

(e) Lineament

(f) Failure history

(g) Sign of distress

(h) Rainfall intensity

Sign of distress (obtained from geomorphological

mapping) i.e., tension crack, gully, rill and etc., were later

taken out as the dependent parameter to avoid hazard

equation being biased towards slopes within developed

area (because no field mapping was carried out for forest

areas). The sign of distress from the geomorphological map

were used for calibration of the hazard equation. Only water

seepage was used in the analysis to replace dependent

parameter of “Sign of Distress”.
Within each model parameter, different weightings were

proposed for different groupings depending on their

correlations with landslides as perceived by experts.

Groupings within a parameter class were referred to in

this study as inter-parameter variables. Figure 2 shows the

proposed dependent parameter model and the respective

inter-parameter variables.

Pair Wise Comparison Method

The weightings of the possible model parameter in factor

overlay method can be formulated using pair wise method.

Pair wise comparison is used as a decision making tool

in many applications to rank the relative importance of

multiple variables. The Pair wise comparison process is

proposed to derive the weightings for each of the landslide

dependent parameter (Golder and Associates 2006).

The process is based on engineering judgment and

compares individually:

• The relative importance of the parameter in influencing

the potential for landslides compared one against another,

and

• The degree to which each parameter is more important

than each counterpart (Score of 1 if parameter is

slightly more important than the compared parameter,

2 for significantly more important and 0 for equally

important).

The outcome of the pair wise comparison was tabled and

analysed and the results was used to assign weightings to

each model parameter. The total value of all the attribute

weightings was taken as 1.0. The applied weightings

indicate the degree to which the potential for landslide is

influenced by each model parameter, relative to the other

parameters. The same approach is applied when assigning

the weightage for interparameter variables.

The formula for the hazard score is the sum of the

products of the dependent parameter and inter-parameter

weightings. The formula below illustrates the proposed

landslide hazard formula adopted in the study:

There were two hazard formulas deduced for both the

study areas of Penang Island and Bukit Kanada, Miri. The

hazard formulas are as follows:

Fig. 1 Illustration of how LiDAR sensing instrument captures eleva-

tion points
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a) Without signs of distress

Hazard ¼ 0:23 slope angleð Þ þ 0:08 geologyð Þ
þ 0:17 flow accumulationð Þ
þ 0:05 land coverð Þ þ 0:1 lineamentð Þ
þ 0:09 rainfallð Þ þ 0:28 failure historyð Þ ð2Þ

b) With signs of distress

Hazard ¼ 0:18 slope angleð Þ þ 0:06
�
geology

�

þ 0:12
�
flow accumulation

�

þ 0:04
�
land cover

�þ 0:07 lineamentð Þ
þ 0:06

�
rainfall

�

þ 0:22
�
failure history

�

þ 0:25
�
sign of distress

� ð3Þ

Five hazard ratings, very low through very high were

adopted. The hazard classes adopted in the study are:

(a) Very high hazard

(b) High hazard

(c) Medium hazard

(d) Low hazard

(e) Very low hazard

The selection of hazard ratings is somewhat subjective.

The ratings indicate the likelihood of a landslide occurring.

The hazard classes were first classified by equally dividing

the maximum score into five equal classes. Later, during the

calibration and verification works the ranges for the classes

were further refined based on the geomorphological map.

Figure 3 shows a typical tile of ortho-rectified photograph

and slope hazard map produce in GIS environment.

Risk Analysis

In general, risk is a result of the product of probability or

hazard (of occurrence of a landslide with a given magnitude)

and the consequence of the landslide incident. The equation

for risk (R) is as follows (PWD 2004):

Hazard Model

Slope
Gradien

t 

Failure
History

LineamentLand CoverSign of Distress/
Geomorph. element 

Flow
Accumula�on

(m2)Geology

Rainfall
Intensity

0-15

>15-25

>25-40

>40-60

Retaining 

Wall

Soil Nail

Rock Slope

Natural 

Slope

No 

Igneous

Metamorphic

Sedimentary

0-50

>50-100

>100-200

>200-500

>500-1000

>1000-

2000

>2000

(m2)

Tension Crack

Faulty Drainage

Water 

Seepage/Water

Ponding

Erosion

Combina�on of any 2 

or more

Combina�on of 

water seepage and 

erosion

Forest/Jungle

Bushed/Shrub

Grass/Fern

Shi�ing Cul�va�on

Bare

Developed/

Ar�ficial

Lineament

Density

Absent

1 incident

>1 incident

<1250

1250-1500

1500-1750

1750-2000

2000-2250

2250-2500

2500-2750

2750-3000

3000-3250

3250-3500

>3500

(mm)

Fig. 2 Proposed dependent

parameters and inter parameter

variables
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RISK Rð Þ ¼ HAZARD Hð Þ � CONSEQUENCES Cð Þ ð4Þ

The risk rating classes is as follows (Fig. 4):

Consequence Modeling

The consequence modeling is divided into two main

layers, namely, property layer and infrastructure layer. The

equation is as follows:

CONSEQUENCES SCORE ¼ FATALITY SCORE

� IMPACT SCORE
ð5Þ

The impact score is the score of landslide impact due to the

debris of landslide. The impact score can be divided into two

main components, namely, the ratio of distance from slope and

run out distance (S1) and slope angle (S2). The scores for both

the distance ratio and slope angle are as in Table 1:

The impact score is the product of distance ratio (S1) and

slope angle score (S2). The equation is as follows:

IMPACT SCORE ¼ S1� S2 ð6Þ

The fatality score is as in Table 2.

Findings

A total of 1,751 slopes in Penang Island and 86 slopes in

Bukit Kanada, Miri area were mapped. The risk condition

for these slopes are shown in Fig. 5.

Expert Judgement

The risk scores generated by the system were verified using

the outcome from the expert judgment. A total of 20 slopes

were assessed by the experts within the study team to ensure

the hazard and risk scores generated by the system are in

order.

Fig. 3 (a) Ortho-rectified photograph of a typical tile in Penang Island

area. (b) Hazard map for Penang Island area

Risk Classes Ranges Meaning

Very 
High > 15

Total damage of 
structures and loss 

of life

High > 9 - 15

Par�al damage of 
structure and total 
road closure, with 

no loss of life

Medium > 6 - 9

May damage 
structure or 

facili�es but no loss 
of life

Low > 3 - 6
May encroach into 

structure 
compound

Very 
Low ≤ 3 No risk

Fig. 4 Risk rating classes

Table 1 Score for distance ratio and slope angle

Item Score

DISTANCE RATIO (Distance of element at risk from

slope � expected run out distance) (S1)

0.9–1.0 1

0.75–0.9 2

0.5–0.75 3

<0.5 4

Element at risk located on the slope 4

SLOPE ANGLE (S2)

<30� 1

30�–45� 2

46�–60� 3

>60� 4
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Conclusion

Slope hazard map can be used to identify areas of either

existing or potential slope instability. Calibration by means

of ground mapping is essential to ensure the accuracy of the

hazard map. For Penang Island landslide assessment study,

Geographical Information System (GIS) was found to be the

most suitable system for area based slope hazard and risk

assessment.
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Table 2 Fatality score

Property’s Impact

Score (based on ranking)Types of property

High rise structures Condominiums, apartments 5

Terrace houses Bungalows, terraces 4

Essential structures Schools, mosque 5

Non residential structures TNB 1

Park 2

Parking 2

Utilities Waterline, communication line 1

Major roads 3

Minor roads 2

Risk Classification
Number of slopes

With Sign 
of Distress

Without Sign 
of Distress

Very High Risk 
Slope

287 89

High Risk Slope 440 434
Medium Risk 
Slope

284 333

Low Risk Slope 509 602
Very Low Risk 
Slope

231 293

Fig. 5 Risk condition for slopes in Penang Island
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Landslide Hazard Mapping Using a Poisson
Distribution: A Case Study in Penang Island,
Malaysia

Lea Tien Tay, Habibah Lateh, Md Kamrul Hossain,
and Anton Abdulbasah Kamil

Abstract

Landsliding is one of the most destructive natural geohazards in Malaysia. Landslide

hazard maps are very useful for urban development planning. This paper presents landslide

hazard mapping using a new approach, i.e. a Poisson distribution, and compares the result

with previous probabilistic approaches, i.e. frequency ratio (FR), statistical index (SI) and

landslide nominal susceptibility factor (LNSF). These approaches were implemented in

Penang Island to produce landslide hazard maps. The landslide causative factors considered

are elevation, slope gradient, slope aspect, curvature, land cover, vegetation cover, distance

from nearest road, distance from nearest stream, distance from nearest fault line, geology,

soil texture and precipitation. Landslide hazard maps were assessed using the Receiver

Operating Characteristics (ROC) method. Accuracy obtained for FR, SI and LNSF are

78.52 %, 78.12 % and 72.93 % respectively. Poisson distribution approach gives high

accuracy of 78.51 % as FR.

Keywords

Landslide � Frequency ratio � Susceptibility � Hazard map � Poisson distribution

Introduction

Landslides are a geological phenomenon that involves

downward and outward movement of rock, earth or debris.

Landslides are hazardous, as they destroy properties and

even claim human lives. In Malaysia, landslides happen

rather frequently due to heavy rainfall during the annual

monsoons: the Southwest Monsoon from late May to

September and the Northeast Monsoon from November

to March. In recent years from 2000 to 2009, damage due

to landslides has been particularly high (Pradhan and Lee

2010). Although it is difficult to predict landslide events,

areas may be divided into different ranks according to their

degree of potential hazard due to mass movement (Varnes

1984). The identification of high risk areas is important in

landslide prediction and warning systems. In this paper,

Penang Island is the selected area of interest for landslide

hazard analysis, as it has suffered substantial damage due to

landslides in recent years. In recent years, there have

been many studies of landslide hazard evaluation using

GIS and various evaluation techniques. Probabilistic

methods such as frequency ratio have been applied many

times to achieve favorable results in landslide hazard evalu-

ation (Pradhan and Lee 2010; Lee and Talib 2005). The

landslide nominal susceptibility factor has also been used

to generate landslide susceptibility and hazard maps (Saha

et al. 2005). To the best of our knowledge, this study is the

first time the Poisson distribution has been used for landslide

hazard mapping.
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Study Area

The area selected for this study is Penang Island (Fig. 1), due

to its heavy frequency of landslides over the years. Penang is

one of the 13 states of Malaysia located on the North West of

Peninsular Malaysia. It is bounded to the north and east by

the state of Kedah, to the south by the state of Perak and to

the west by the Strait of Malacca. Penang consists of both the

island of Penang and a coastal strip on the mainland known

as Province Wellesley. In this paper, the island of Penang is

considered for landslide evaluation mapping. The island,

which is separated from the mainland by a channel, covers

an area of 285 km2. It is located about 5� 150N to 5� 300N
latitude and 100� 100E to 100� 200E longitude. Elevation of

the terrain ranges from 0 to 820 m above sea level and slope

gradient ranges from 0� to 87�. Penang Island is affected by

fault lines that run from north to south mainly in the centre of

the island. The land cover of Penang Island consists of

mainly swamp, plantation, forest, grassland and urban area.

Vegetation cover consists mainly of forest and fruit

plantations. The temperature of Penang Island ranges from

between 29 to 32 �C and the average amount of rainfall

varies from 2,254 to 2,903 mm annually.

Data Sets

Data collection on a geographical database of Penang Island

is done through application of remote sensing methods and

GIS. Topographical, geological and various images of

Penang Island were obtained from various departments in

Malaysia including Meteorological department, Jabatan

Pengairandan Saliran (JPS), Department of Agriculture

(DOA), Minerals and Geoscience Department (JMG),

Jabatan Ukur dan Pemetaan Malaysia (JUPEM) and Pusat

PeGIS. Landslide occurrence points in Penang Island are

also collected and transformed into a spatial database for

probabilistic landslide susceptibility analysis. Most

landslides happened in the mountainous terrain of the island,

which is situated in the middle of the island. These

landslides consist of mainly shallow rotational debris slides,

debris flows and rock falls. Identification and mapping of a

suitable set of instability and causative factors having a

relationship with slope failures requires prior knowledge of

the main causes of landslides (Guzzetti et al. 1999). To apply

the probabilistic methods, data sets of landslide-causative

factors were collected and constructed as a spatial database.

Twelve landslide-causative factors were considered in

calculating the probability of landslides.

From the topographic database, digital elevation models

(DEM) were constructed with a resolution of 5-m. From the

DEM, elevation was extracted. Elevation was then used to

compute slope angle, slope aspect and slope curvature.

Distance from drainage and distance from road were calcu-

lated from the drainage map and the road map, each available

as digital maps respectively. Van Westen et al. (2003)

suggested that buffer zones for line features, such as, rivers

and roads should be set to 50m. Similarly, distances from fault

lines of Penang Island were calculated and segregated into

100 m intervals. A soil texture database of the island, which

included sand, clay and urban land, was obtained as well. The

land-use map consists of 17 classes of land usage. The vegeta-

tion cover map consists of 14 classes. The geologic map,

showing the types of rocks and granites of Penang Island is

used as one of the landslide-causative factors. Rainfall or

precipitation is one of the most efficient triggering factors of

landslides, as it dampens soils and washes away debris and

rocks, creating landslides. There are only a few rain gauge

stations in Penang Island, therefore, interpolation had to be

used to prepare the precipitation map. Using 29 years of

historical rainfall data (1980–2008), statistical distribution of

the accumulated average precipitation was prepared using

ArcGIS software’s inverse weight distance interpolation

method.

Methods

The probabilistic approach to landslide hazard analysis has

been proven to be very useful in landslide prediction. The

advantages of this approach lie in its high efficiency, low

Fig. 1 Penang Island (Source. Google map)
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cost, easy implementation and a better understanding of the

relationships between landslides and landslide-causative

factors. In probabilistic methods, each factor’s data weights
are calculated based on class distribution and its landslide

density (Suzen and Doyuran 2004). These weights represent

the importance of each factor to landslide occurrence and are

used to produce a landslide hazard index.

Frequency Ratio

The frequency ratio (FR) approach is a variant of the proba-

bilistic method that is based on the observed relationships

between the distribution of landslides and landslide-

causative factors. Spatial relationships and correlations

between landslide occurrence and its factors are computed

and these correlations show how closely related the factors

are to landslide occurrence. Frequency ratio or weight of

each class is computed by dividing the landslide density of a

class with the total landslide density as follows

FRab ¼ Aab∗

Aab
� A

A�

FR ¼ Frequency ratio of each factor.

Aab* ¼ Area of observed landslides of class a of

factor b.

Aab ¼ Area of class a of factor b.

A ¼ Total area of the map.

A* ¼ Total area of observed landslides of the map.

A value of 1 is the neutral value and values higher than 1

show a higher positive correlation between the class of a

factor with the landslide. To calculate the landslide hazard

index (LHI), each pixel’s frequency ratio on the map is

summed as in the equation below. It is then inferred that

areas with higher values of frequency ratio are areas that are

more prone to landslides.

LHI Landslide hazard indexð Þ ¼ FR1 þ FR2 þ . . .þ FRN

where FR ¼ Frequency ratio of each factor.

Statistical Index

Statistical index (SI) is another probabilistic approach that is

very similar to frequency ratio. It was introduced by Van

Westen and Terlien (1996). In recent years, researchers have

applied this method for landslide susceptibility analysis

(Long 2008) and termed the method statistical index. In

this method, the weight for every class of each factor is

defined as the natural logarithm of the landslide density in

the class divided by the total landslide density.

Mathematically, it is almost the same as frequency ratio, as

the method simply takes the natural logarithm of the fre-

quency ratios, as shown in equation below

SIab ¼ ln
Aab∗

Aab
� A

A�

� �

Summation of the statistical index of each factor in every

pixel produces the landslide hazard index (LHI) as in equa-

tion below.

LHI ¼ SI1 þ SI2 þ . . .þ SIN

SI ¼ statistical index weight of each factor.

For ratios less than 1, the weight will be negative and vice

versa. Negative values show decreasing correlation between

the class with landslide and vice versa. In the case of no

landslide occurrence, the weight of that particular class is

assigned as 0. Thus, a class that has a weight of 0 shows no

correlation with landslide occurrence and does not contrib-

ute to the landslide hazard index.

Landslide Nominal Susceptibility Factor

The landslide nominal susceptibility factor (LNSF)

approach (Saha et al. 2005) is a modification of a method

originally proposed by Gupta and Joshi (1990). The nominal

risk factor is defined as follows

LNSFi ¼ Npix Sið Þ � n=
X

Npix Sið Þ
� �

where Npix (Si) ¼ number of pixels of landslide in the

thematic class of i

n ¼ number of thematic classes of respective factor

A value greater than one for LNSF means more suscepti-

ble to landsliding, whereas a LNSF value less than one

means less susceptible. The nominal risk factors of each

factor are summed to produce the Landslide Hazard Index

(LHI) for the LNSF method.

Poisson Distribution

The Poisson distribution is a discrete distribution (Haight

1967), and it is useful in ecological studies. In this study, the

Poisson distribution is used for “landslides” which is a

geological event. The distribution function for the Poisson

distribution is defined as

P X½ � ¼ exp �θð Þ � θX
X!
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To estimate the probability of one landslide under a

characteristic, the Poisson distribution is simplified as

follows:

P x ¼ 1½ � ¼ exp �θð Þ � θ

where

θ ¼ Number of Landslide

Total Number of Observations

Higher values of the probability for a characteristic shows

a high risk of landslide occurrence.

Verification and Discussion

To verify the efficiency and accuracy of each method, the

ROC (receiver operating charcacteristics) method was

employed. Two assumptions are needed in order to verify

the maps. One is that landslides are related to spatial infor-

mation such as slope and aspect, and the other is that future

landslides will be affected by triggering factors such as

rainfall (Chung and Fabbri 1999). Both assumptions are

satisfied in this study. ROC curves explain how well the

prediction models fit the data of landslide-causative factors

with landslide occurrences to predict future landslides. Ver-

ification by ROC is done by first sorting the landslide hazard

indexes (LHI) in a descending order. The ordered indexes

are then divided into 100 classes and set on the y-axis, with

accumulated 1 % intervals on the x-axis (Pradhan and Lee

2010). The resulting graph shows a curve that explains how

well the model and factors predict future landslides (Chung

and Fabbri 1999). The area under the curves reflects the

accuracies of the prediction models and is one of the com-

monly used accuracy statistics in natural hazard assessments

(Beguria 2006). Landslide hazard maps produced using

frequency ratio, statistical index, LNSF and Poisson

distribution achieve accuracies of 78.52 %, 78.12 %,

72.93 % and 78.51 %, respectively. Frequency ratios and

Poisson distributions are capable of producing a landslide

hazard map with the highest accuracy among these four

approaches in this study area. Both approaches work equally

well, with most of the landslide locations found to be within

the highest 20 % of the landslide hazard index. The LNSF

approach is found to be less effective in producing landslide

hazard maps as compared to the other three approaches.

Landslide hazard mapping is done by segregating the LHI

(landslide hazard index) into several categories of risks. In

this study, the indexes are categorized into four groups:

Highly hazardous for the highest 10 % of the indexes

(90–100 %), Hazardous for the next 10 % (80–90 %), Mod-

erately hazardous for the next 20 % (60–80 %) and Not

hazardous for the remaining 60 % (0–60 %). Figure 2

shows the landslide hazard maps produced using the fre-

quency ratio method and statistical index. Landslide hazard

maps produced using the landslide nominal susceptibility

factor and Poisson distribution are shown in Fig. 3.

Fig. 2 Landslide hazard maps

for Penang Island generated using

(a) Frequency ratio and (b)

statistical index
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Conclusion

Due to the limitation of flat land in Penang Island, more

hill areas are being exploited for housing and develop-

ment. This creates a scenario in which a landslide assess-

ment is needed to warn people of potential landslides in

risky areas. Prediction models such as statistical or prob-

abilistic methods are simple methods which have been

proven to yield good results in landslide prediction. Land-

slide causative factors depend on the availability of GIS

images of the research area. In this paper, landslide haz-

ard maps of Penang Island were produced with frequency

ratios, statistical indexes, nominal susceptibility factors

and Poisson distributions using twelve landslide-

causative factors. The frequency ratio and Poisson distri-

bution methods are proven to produce landslide hazard

maps with the highest accuracy, followed by statistical

index and nominal susceptibility factor. The accuracies

show that the Poisson distribution also can be used as a

tool for hazard mapping and these maps can be useful in

the planning of future urban infrastructure development.
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Shallow Landslide Susceptibility Mapping
for Zagreb Hilly Area, Croatia

Chunxiang Wang, Snjezana Mihalić Arbanas, Hideaki Marui,
Naoki Watanabe, and Gen Furuya

Abstract

The aim of this study is to map the landslide susceptibility of the hilly area of Mt.

Medvednica located in the northwestern part of the City of Zagreb, Croatia. Landslides

in this region are mostly shallow movements of superficial deposits along contacts with

fresh deposits of soil and cause significant economic losses by damaging houses and the

urban infrastructure. The method used here is the deterministic slope stability analysis

model SINMAP which is developed by Pack et al. (A stability index approach to terrain

stability hazard mapping. SINMAP user’s manual, 1998; A stability index approach to

terrain stability hazard mapping. SINMAP user’s manual, 2005). SINMAP is a raster based

slope stability predictive tool based on coupled hydrological-infinite slope stability model.

This approach applies to shallow translational landsliding phenomena controlled by shal-

low ground water convergence. The input data required for this model are (1) inventory of

past landslides in a point vector format, (2) Digital Elevation Model (DEM) of the study

area, (3) geotechnical data such as soils strength properties, thickness of soil above the

failure plane, and (4) hydrological data such as soil hydraulic conductivity and the rainfall.

Because the geotechnical data and hydrological data are highly variable in both space and

time, the method does not require numerically precise input and accepts ranges of values

that represent this uncertainly. The major output of this model is the stability index grid

theme, which can be used as a landslide susceptibility map. The results also provided slope

area plots and statistical summary for each calibration region in the study area facilitating

the data interpretation. The landslide susceptibility map which is developed in this study is

also compared with the results from the Analytic Hierarchy Process (AHP) method and

aerial photo interpretation.

Keywords

Shallow landslide � Susceptibility mapping � GIS � SINMAP

Introduction

The City of Zagreb is located in northwest Croatia in the

western part of the Pannonian Basin. The urbanized area is

located below the forest region of Mt. Medvednica to the

north and extends to the flood plain of the Sava River in the

south. Approximately 40 % of the urban area is located in

hilly areas in which landslides are the main geological hazard.

Landslides in the hilly area of Zagreb are mostly small and

shallow movements of superficial deposits along contacts
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with fresh deposits of soil (Mihalić and Arbanas 2013).

Despite this, landslides cause significant economic losses by

damaging houses and the urban infrastructure.

The hilly area of Mt. Medvednica, which covers about

180 km2, is the pilot area of Japanese-Croatian scientific

joint-research project ‘Risk Identification and Land-Use

Planning for Disaster Mitigation of Landslides and Floods

in Croatia’. The study area which is approximately 45 km2 is

part of the hilly area of Mt. Medvednica. Figure 1 shows the

digital elevation model of the study area.

The most frequent triggering factors of landslides are

rainfall. The objectives of the study are to map the shallow

landslide susceptibility using the SINMAP model consider-

ing three different precipitation scenarios and to compare

landslide susceptibility maps generated by this study with

the results by Analytical Hierarchy Process (AHP) method

and aerial photo interpretation.

The Infinite Slope Stability Model SINMAP

The SINMAP (Stability INdex MAPping) methodology is

based upon the infinite slope stability model that balances

the destabilizing components of gravity and the restoring

components of friction and cohesion on a failure plane

parallel to the ground surface with edge effects neglected.

The details of the SINMAPmodel are available in Pack et al.

(1998, 2005). The summary of the SINMAP modeling

approach is provided in the following section.

The SINMAPdeveloped by Pack et al. (1998) is based on a

combination of an infinite slope stability model and a hydro-

logical model used to define a stability index (SI) (1), which is

defined as the probability of a stable slope, assuming a

uniform distribution of the parameters on the uncertainty

margins; this index ranges from 0 (unstable) to 1 (stable).

FS ¼ Cþ cos θ 1�min R a
T sin θ ; 1
� �

r
� �

tanφ

sin θ
ð1Þ

where, C ¼ (Cr + Cs)/(hρsg) is the combined cohesion of

roots and soilmade dimensionless relative to the perpendicular

soil thickness. h ¼ Dcosθ is soil thickness, perpendicular to

the slope. Figure 2 illustrates the geometry. r ¼ ρw/ρs is the
water to soil density ratio. θ is the angle of the slope (�), and ϕ
is the angle of internal friction (�). The relative wetness which
is expressed as (2) is incorporated into SINMAP.

w ¼ min
R a

T sin θ
; 1

� �
ð2Þ

The ratio R/T is the ratio of the steady-state recharge

(m/h) and the soil transmissivity (m2/h). The specific area

of the basin, “a”, is defined by the surface area in relation to

the contour length of the unit (m2/m) (Fig. 3). A value of 1

Zagreb City

Altitude (m)
Value

High : 525.8

Low : 119.1

N

0 1 2 4km

Fig. 1 Location and DEM of the study area

Fig. 2 Infinite slope stability model schematic

Fig. 3 Definition of specific catchment area
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indicates that any excess above this limit will be assigned to

one surface flow that flows over the soil surface.

SINMAP is utilized in the study for modelling the

rainfall-triggered shallow landslides at a regional scale and

allows uncertainty in the three variables (C, tanφ, and R/T)

through the specification of upper and lower boundaries.

These boundaries define uniform probability distributions

over which these parameters are assumed to vary at random.

Denoting R/T ¼ x, tanφ ¼ t, and the uniform distributions

with upper and lower boundaries as C ~ U(C1, C2), x ~ U

(x1, x2), and t ~ U(t1, t2), the probability is evaluated over

the distributions of C, x, and t. The smallest C and t (C1 and

t1) together with the largest x (x2) defines the worst-case

(most conservative) scenario under the assumed uncertainty

(variability) in the parameters. Areas under this worst-case

scenario where FS is greater than 1 are, according to this

model, unconditionally stable. For areas where the minimum

factor of safety is less than 1, there is a probability of failure.

This is a spatial probability due to the uncertainty (spatial

variability) in C, tanϕ and T. In these regions with FSmin

< 1, SI is defined as SI ¼ Prob(FS > 1). The best-case

scenario is when C ¼ C2, x ¼ x1, and t ¼ t2. In the case

that FSmax < 1, then SI ¼ Prob(FS > 1) ¼ 0.

For assessing the probability of shallow landslides,

Table 1 shows how broad stability classes are defined in

terms of the stability index (SI).

Data Processing

In order to use the SINMAP methodology to establish a

shallow landslide susceptibilitymap for the study area, several

steps are accomplished starting from input data, which

depends on the digital elevation model (DEM), landslide

inventory and ending with the final result, which is a grid

theme that divides the study area into several zones depending

on the stability index. A topographical map of the study area is

a 5-m DEM shown in Fig. 1. For calibration purposes, the

landslide inventory map is needed. In this study, two landslide

inventories are used. One is a geomorphological landslide

inventory map compiled from field investigation by the

Croatian Geological Survey, and another is obtained by

interpreting aerial photographs from a report of the Japan-

Croatia project. Nearly 52-year-long daily rainfall record from

1961 to 2012 was used to determine rainfall magnitude for the

study area. The maximum precipitation is 95.8 mm/day in

August 4, 1989, and the cumulative total in any 7-day period

is 134 mm in November, 1962. Hydrological data are input

into the model in the form of a wetness index (T/R) parameter.

According to the SINMAP Manual (2005), the parameter (T/

R) is considered as the length of hill slope required to develop

saturation in the critical wet period. T is the transmitivity or

the vertical integral of the hydraulic conductivity of soil zone

and is determined by T ¼ (ks)h, where ks is the hydraulic

conductivity or the permeability of the soils and h is the

thickness of the soil above the failure surface. Hydraulic

conductivity of the weathered surface zone is 10�5 ~

10�3 m/s. Cohesion index and the soils internal friction

angle are the geotechnical data input into the model. Cohesion

index is the relative contribution of soil and root cohesive

forces, combined, to slope stability. In this study, the failure

surface is assumed to be below the root zone. Therefore,

cohesive strength of soil (Cs) only is considered. As the

most frequent triggering factors of landslides are rainfall,

three different rainfall recharge scenarios: 50, 100 and

150 mm/day are considered. Table 2 shows the parameters

values used for the study area.

Results

Using the DEM and the input parameters, the SINMAP

model was used to derive a stability index map. The SI

distribution maps of the three different rainfall recharge

scenarios are shown in Fig. 4a–c, respectively.

The percentage of area classified as unstable was about

48, 64, and 67 % for the three different rainfall rates, 50, 100

and 150 mm/day, respectively. Upper threshold covers 0.27,

0.35, and 0.45 %, respectively. Rainfall recharge decreases

the safety factor over time. These maps are very useful for

identifying where and when the critical slope with high

landslide susceptibility will occur. Figure 5 shows the

Table 1 SINMAP stability index (SI) classification

Stability index values (SI) Classification

SI > 1.5 Stable

1.5 > SI > 1.25 Moderately stable

1.25 > SI > 1.0 Quasi-stable

1.0 > SI > 0.5 Lower threshold

0.5 > SI > 0.0 Upper threshold

0.0 > SI Defended

Table 2 Parameters values used for the study area

Case DC FA (�) R (mm/day) T/R (m)

Lb Ub Lb Ub Lb Ub

1 0.1 0.7 10 30 50 345 1,382

2 0.1 0.7 10 30 100 172 691

3 0.1 0.7 10 30 150 115 460

DC dimensionless cohesion, FA friction angle, Lb lower bound value,

Ub upper bound value
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distribution of the 142 inventoried landslides made by Ana-

lytical Hierarchy Process (AHP) method and aerial photo

interpretation (Hamasaki and Miyagi 2012). The result

indicates that 101 landslides have been identified as the

lower stability classes and only 17 landslides have been

identified as the “stable” class.

Conclusions

The deterministic slope stabilitymodel SINMAPwas used

to assess the susceptibility of slopes to shallow landslides

in the study area of the hilly area ofMt.Medvednica, under

daily rainfall with three different scenarios. The percent-

age of area classified as unstable were about 48, 64, and

67% for three different rainfall rates, 50, 100 and 150mm/

day respectively. From the results shown in Fig. 4, we can

see that there is no big difference for the unstable areas

between 100 and 150 mm/day.

The natural causative factors such as geology, thickness

of soil layer, slope angle range, hydrology, and landforms

are reasonably represented in the SINMAP model. There-

fore, it is reasonable to assume that this model can be

utilized as a tool for identification of landslide hazard

zones in the study area. The preliminary results could be

regarded as a good reference to make the hazard map and

land use guideline of Japan-Croatia joint project.

However, in SINMAP model, the input data for the

landslide inventory are point-shapefiles. Because a point

cannot interpret the dangerous degree of landslide unit, in

order to get more reasonable result, the landslide inven-

tory should be polygon-shapefiles.
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Fig. 4 Slope stability index with three different precipitation cases. (a)

50 mm/day, (b) 100 mm/day, (c) 150 mm/day

150mm/day

Defended
Upper Threshold
Lower Threshold
Quasi-Stable
Moderately Stable
Stable

Fig. 5 The shallow landslide susceptibility map with the inventoried
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Hazardous Activation of Landslides Within Western
Carpathian Region (Ukraine)

Olexandr Trofymchuk, Olexandr Kolodyazhnyy, and Evgeniy Yakovlev

Abstract

The Western Carpathian Region (Zakarpatska territory of Ukraine) occupies 2 % of

Ukrainian territory but about 5 % of total quantity of landslides (22,000) are situated

there. Specific spatial density of landslides is four times greater than the rest of the territory.

Anomalous levels of the landslide activity within the Western Carpathian Region is the

result of active interaction tectonic (high density of faults), hydrological (dense river net)

and hydrometeorological (regional precipitations two times more) factors. During the last

two to three decades regional landslide activation is connected with the influence of global

climate changes (GCC). Main factors of the GCC influence on the additional landslide

activation are the following:

• Increasing of the storm rainfall;

• Rising of the river water level during flooding.

Keywords

Geographical inform system � Landslide field � Longitudinal acceleration

Introduction

The Western Carpathian Region is affected by 1,100

landslides in its 8,000-km2 territory. This averages about

0.15 landslides/1 km2, which is the highest density of

landslides within the Ukraine. The main type of landslide

within the Western Carpathian Region is earth flow; these

are mostly generated in the clay and semi-clay layers of

Quaternary age. Total thickness of the deformed layers is

4–6 m. This type of landslide is more widespread.

Landslides with glide mechanism of movement are mostly

generated within steep upper zones of slopes. Complex

landslides are developed in the zones of crossing the river

valleys and tectonic structures.

During three cycles (1998, 2001, 2010 years) of high

precipitation, total number of active landslide was about

30 % of known landslides. This anomalously high percent-

age was connected with the complex influence of natural and

technogenic factors:

• Crossing the slopes of dense rivernet;

• Seismological activity connected with six local zones of

earthquakes;

• Active deforestation of slopes during last decades of

twentieth century (from 60 % till 25 % and lesser);

• Increasing influence of global climate changes factors

(heating, increasing of precipitations, flooding etc.).

Investigations of the Institute of Telecommunication and

Global Information Space, National Academy of Sciences of

Ukraine, and Ukrainian Land and Resources Management

Centre have established the regional regularity in the new

stage of natural and technogenic development of landslides

(by means of remote data, geophysical engineering, geolog-

ical and mathematical models).
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Landslide Distribution

Local clusters of landslides create the specific fields with the

linear semi-logarithmic distribution in the elevation of the

slopes within individual river basins (Fig. 1). In a semiloga-

rithmic plot, Fig. 1 shows the distribution of landslides by

elevation in the western Carpathians. The distribution of

active landslides shows an inverse linear trend with decreas-

ing numbers of active landslides from elevation 400 to

900 m above sea level. Similarly, the distribution of all

landslides shows an inverse linear relationship between

elevations 800 and 1,600 m. Total number of landslides

drops off from the maximum, 50 at about 800 m to 20 at

600 m elevation with similar amounts at about 400 and

500 m elevation.

Analysis of semilogarithmic trend of landslide distribu-

tion shows the active connection between natural and

technogenic factors of slope’s surface transformations.

Most active landslides are occurring within sites with low

altitudes, where the road net density, index of deforestation

and density of settlements have the highest values.

Due to the stable increase of the technogenic factors their

influence on the number of active landslides is very big-

about 15–20 % and more (Fig. 1).

Principle new and additional factors of landslide activa-

tion within Zakarpatsky region are increase of seismic

movements after anomalously heavy rainfall and flooding.

We have established connection between anomalous rain-

fall, flooding and earthquakes during the last decades

(Table 1, Fig. 2).

The intensity of earthquakes is about 5–6 but their fre-

quency is growing and time interval between cycles of

activations being shortened (Fig. 2).

Seismic shaking is effective in the case where the slope is

oriented perpendicular to the seismic wave front (directions

of steepest slope and wave propagation are parallel). Addi-

tional angle of steepness in such situation is about α0 ¼
arctg (as/g), whereas—acceleration of longitudinal wave,

m/s; g—acceleration of natural gravity.

Taking above mentioned into consideration the complex

hazard mapping of landslides within the affected territories

is the most effective method for reliable forecasting, prelim-

inary elaboration of protective measurements and reducing

of landslides danger on the regional and state levels.
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Fig. 1 Semilogarithmic function of the landslide distribution from the

absolute altitudes within Western Carpathian Region

Table 1 Time distribution of the earthquakes (I � 5 balls) and anom-

alous flooding within Zakarpatsky region

Major floods

(1882–2004

years)

Time interval

between

floods tfl,

years

Earthquakes,

years (І � 5)

Time interval

between

earthquakes tqu,

years

1882 0 1738 0

1887 5 1802 64

1902 15 1829 27

1912 10 1838 9

1925 13 1908 70

1941 16 1912 4

1947 6 1934 22

1970 23 1940 6

1978 8 1977 37

1980 2 1986 9

1998 18 1990 4

2001 3

Fig. 2 Correlation between flooding and local earthquakes within

Zakarpatsky region. Y—time interval between earthquakes and floods;

—events of earthquakes; —events of regional floodings; —

predicted zone of activation of floods and earthquakes before landslides
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Data studies undertaken indicate that on the modern stage

the displays of processes of change are localized on the

slope’s forms of the certain geological structure, the geohy-

drology and engineering-seismogeophysical regime

(Table 2).

Analysis of Spatial Data

This paper explains the results of the development and testing

of joint use of remote sensing (RS) technologies, modern and

archive topographical maps, geographical information system

(GIS) and simulation tools for investigation of land cover/use

changes and contributing factors affecting the original slope

stability, and prediction of landslide development for the

Carpathian region (Ukraine). Within the Carpathian region

great landslide activity occurred after big floods in 1998 and

2001. Advantages of joint use of remote sensing (RS)

technologies, geographical information system (GIS) and

simulation tools for investigation of complicated processes

in environment, natural hazard management, etc. are

presented for Carpathian region (Ukraine). The whole cycle

from RS data processing, geospatial and multi-criteria analy-

sis up to thematic spatial information publication are

implemented. Space images and archived topographical

maps are used for detection of changes in land cover/use

and analysis of possible impact on landslide process develop-

ment. The model was designed and implemented using spatial

multi-criteria evaluation techniques in a GIS system.

In order to assess the landslide hazard the following

contributing factors were used:

• Forest coverage presence or absence;

• Area height;

• Slope angle;

• Soil types;

• Rainfall distribution;

• Distance to settlements;

• Distance to roads, power lines, etc.;

• Distance to water objects (rivers, lakes, etc.).

The soil moisture is a factor also, but it is very spatially

and temporally changeable. Aerial and space sensing can be

useful, but integral indices based on permanent observations

are needed for taking into account as contributing factor. At

the same time the changes of soil moisture can be considered

within other factors under expert assessments use.

Archive map analysis identified the availability of

Carpathian region paper maps for the time periods of

1930–1940, 1950–1960 and 1970. The maps of a test area

with a large number of landslides were scanned and

georeferenced using modern digital topographical map

with the scale 1:200,000. Thematic layers of the forest-

covered areas for 1944, 1961 and 1976 years were created.

Modern forest maps showing conditions in years 1988 and

2000 based on Landsat imagery were obtained. Land cover

change analysis maps were created and used in further

research.

The next stages of multi-criteria analysis using GIS

capacities were executed:

• Receiving and/or updating land cover, topography, etc.

data layers—Digital Elevation Model (DEM), rivers,

roads, settlements, soils, forest cover, etc.;

• Identification of heights and slope gradients, and creation

of data layers of distances from existing landslides to

rivers, settlements, roads;

• Laying out distances on intervals and ranking;

• Weight coefficient calculations and data layers matching.

The method of expert assessments (Saaty pairwise com-

parison) for identification of weight coefficients for landslide

contributing factors was used. The elements of the compari-

son matrix were received by the alternative comparison with

all other factors from the set. The matrix element is a number

which presents a result of comparison relative to criteria.

Relative weights were calculated as a result of comparison

matrix processing.

Hazard Map

The landslide hazard map for Carpathian region was

obtained (Fig. 3). Good enough correlation between

predicted areas and distribution of existing landslides has

to be noted. Landslide hazard areas without existing

landslides need special attention for further investigation

so possible protection actions can be planned.

Table 2 Engineering-seismogeophysical parameters of Karpathian region

Administrative unit name Zakarpattia Ivano-Frankivsk Lviv Chernivtsi All four units

Unit area, 1,000 km2 12.8 13.9 21.8 8.1 56.6

Flooded area, km2 0.001 0.014 0.25 0.15 0.415

Flooded area % 0.01 0.10 1.15 1.85

Landslide number 1251 790 1347 1467 4855

Landslide density, n/103 km2 253.98 56.83 61.79 181.11 86

Seismicity, magnitude 8 8 8 7

Horizontal acceleration, g 0.25 0.25 0.25 0.1 0.1–0.25

Additional steepness α, degrees 14 14 14 5 5–14
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Output data and work results were joined using Dynamic

Atlas software (SKE Inc., Canada) that provide capacities

for wide use and distribution.

In recent years on results researches of Institute of Tele-

communication and Global Information Space of National

Academy of Science, Institute of Geological Sciences of

National Academy of Science, State Enterprise the

“Research Institute of Building Constructions” and other

establishments have shown that largely the following natural

and technogenic processes are influencing the dynamics of

landslide generation:

• Regional flooding of landscapes as a result of practically

complete damming of the river network (a cascade of

storage pools, many levees), decline of natural drainage

on 70–80 % of hillsides and rising of groundwater table;

• Global changes of climate with the increase of precipita-

tion, temperatures, that assists the increase of water satu-

ration of overhead zone of slopes, decline of their

strength;

• Global and regional activation of seismicity;

• Increasing technogenic transformations of slope forms

within the territories of industrial-municipal agglomera-

tion, mine destroyed territories, spreading of road

network.

Fig. 3 Remote data about distribution of the landslides sites within

Zakarpatsky region
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Part V

Monitoring, Prediction and Warning of Landslides



Introduction: Monitoring, Prediction and Warning
of Landslides

Željko Arbanas, Teuku Faisal Fathani, Ziaoddin Shoaei, Byung-Gon Chae,
and Paolo Tommasi

Abstract

TheWLF3 B5.Session Monitoring, prediction and warning of landslides, as a part of WLF3

session Group B. Sessions for Methods of Landslide Studies, gathers the main elements in

the landslides risk reduction and landslides sustainable disaster management: monitoring,

prediction and warning of landslides. Sixteen contributions from eleven countries around

the world have been submitted and, after review process, accepted for publishing. The best

practice techniques and experiences on monitoring, prediction and warning of landslides

caused by different triggering factors are presented in this Session. In this introduction to

the WLF3 B5 Session Monitoring, prediction and warning of landslides, a short summary

of each of the accepted papers is presented divided regarding to their general topics.

Keywords

Landslides � Monitoring � Equipment � Measurement � Prediction � Early warning system

Introduction

The WLF3 B5 Session Monitoring, prediction and warning

of landslides, as a part of Group B Sessions for Methods

of Landslide Studies, gathers the main elements in the

landslides risk reduction and landslides sustainable

disaster management: monitoring, prediction and warning

of landslides.

In landslides risk reduction and sustainable disaster man-

agement, the main roles have three closely connected

elements: monitoring, prediction and warning of landslides.

The monitoring of existing landslides, as well as locations

susceptible to possible landsliding, using different

techniques to produce the basic data for landslide prediction.

Predictions of landslide occurrences should be based on a

deep understanding of all processes which lead to slope

failures in soil and rock mass slopes and their relationships

with available measured monitoring data. Early warning

systems, based on landslide monitoring results and landslide

prediction, are the most economical landslide risk reduction

measure. In this Session, the states of the art, best practice

techniques and overall experiences in monitoring, prediction

and warning of landslides caused by different triggering

factors in different parts of the world are presented.

Sixteen contributions from eleven countries (Brazil,

China, Croatia, Hong Kong, India, Indonesia, Italy, Korea,

Malaysia, Slovenia and United Kingdom) have been submit-

ted and, after review process, accepted for publishing in this
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session. These contributions can be divided in the following

general topics:

• Technological developments;

• Monitoring of landslides;

• Early warning systems based on measurements of land-

slide displacements and soil properties;

• Early warning systems based on rainfall monitoring and

hydrological models;

• Warning and emergency management.

In this introduction to the WLF3 B5 Session Monitoring,

prediction and warning of landslides, a short summary of

each of the accepted papers is presented within previously

defined general topics.

Technological Developments

Eyo et al. (2014) in their paper entitled “Application of low-

cost tools and techniques for landslide monitoring” propose
a low-cost landslide monitoring system using the Reverse

Real-Time Kinematic (RRTK) technique. This is a server-

based processing technique, which utilizes two-way com-

munication channels for computation and the transmission

of the user’s accurate position. The basic infrastructure

requirements for RRTK for a low-cost landslide monitoring

application are described. In order to implement the pro-

posed RRTK algorithm, real-time data of raw Global Posi-

tioning System (GPS) data of both the reference and rover

stations are streamed to the control center. A high pass

filtering technique was employed to detect outliers in the

observations and the autocorrelation of GPS time series was

investigated to validate the presence of white and colored

noises in the GPS observations. The proposed new monitor-

ing technique using RRTK principles and server-based

processing methods was successfully tested using data

from test sites located at the Universiti Teknologi Malaysia.

Segalini et al. (2014) report on the efficiency of a novel

inclinometer type in the paper “Automated inclinometer

monitoring based on micro electro-mechanical system tech-

nology: applications and verification”. The new device,

called Modular Underground Monitoring System (MUMS)

is intended to be applied for natural and artificial slope

deformation monitoring, and landslide dynamics control,

assessment and forecasting. The paper compares the classic

inclinometer devices and the new MUMS device, which can

also be equipped with other electronic sensors. The paper

also describes successful application of MUMS at three

landslides in Italy: the Tiedoli Landslide, the Roccamurata

Landslide and the Boschetto Landslide.

Wang et al. (2014) in their paper “Energy demodulation-

based all-fiber warning system for landslides” present a new
landslide warning technology. The system can measure the

signal of energy change in the fiber caused by micro bending

or breakage associated with the displacement of landslides,

and sends alarms at once when the signal intensity in the

fiber weakens to the threshold. In the paper, this energy

demodulation-based all-fiber warning system is described

in detail. Compared with conventional monitoring techno-

logies, this technology has many unique advantages, such as

a graded alarm system, real-time response, remote monitor-

ing and low cost. At the present time this system is used in

landslide warning in China and a successful application of

the system at the Gaoqin Landslide is described in the paper.

Zhu et al. (2014) describe a landslide monitoring tech-

nique using distributed fiber-optic sensing technologies.

The advances in distributed fiber optic sensing (DFOS)

technologies enable automatic, remote and long-distance

slope monitoring and early-warning of potential geological

disasters. Compared with conventional geotechnical sensors

and instrumentation, the fiber optic sensors have a number of

advantages such as high accuracy and repeatability, better

durability and enhanced integration capability. In their paper

“Laboratory studies on slope stability monitoring using

distributed fiber-optic sensing technologies” Zhu et al.

(2014) present the quasi-distributed Fiber Bragg Grating

(FBG) and fully-distributed Brillouin Optical Time-Domain

Analysis (BOTDA) sensing technologies for monitoring of

slope stability problems in laboratory model tests. The reli-

ability of the DFOS-based slope monitoring systems has

been verified through analyses of the strain monitoring

results.

Monitoring of Landslides

Arbanas et al. (2014) in the paper entitled “A landslide

monitoring and early warning system using integration of

GPS, TPS and conventional geotechnical monitoring

methods” present an advanced comprehensive monitoring

system designed and used on the Grohovo Landslide in

Croatia. The landslide monitoring results should provide a

basis for development and validation of landslide numerical

modelling and adequate hazard management. Equipment

selection was based on scientific requirements and con-

sideration of possible ranges of monitored values and sensor

precision. Use of different geodetic and geotechnical

sensors, in combination with hydrological monitoring equip-

ment which should measure data on precipitation and pore

pressures in the landslide profile, allows reconstruction of

relationships between rainfall, groundwater level and conse-

quent landslide behavior as a base for establishing an early

warning system. The most important step in establishing an

early warning system was linking sensor measurements and

possible failure mechanisms with consequences that should

follow the occurrence of sliding (landslide risk). This paper

presents the main ideas and advances of the monitoring
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equipment fusion as well as weaknesses of the applied mon-

itoring system at the Grohovo Landslide.

Krkač et al. (2014) in their paper entitled “Review of

monitoring parameters of the Kostanjek Landslide (Zagreb,

Croatia)” present initial results obtained from sensors and

instruments of an advanced comprehensive monitoring sys-

tem installed on the Kostanjek Landslide in Croatia. Exter-

nal triggers at the Kostanjek Landslide are measured with rain

gauges and accelerometers. Displacements at the surface

are measured by 15 GNSS sensors and 9 extensometers,

while subsurface displacement is measured by vertical

extensometers and an inclinometer. Hydrological measure-

ments consist of groundwater level measurements, discharge

measurements, and chemical and isotope analysis. The paper

describes landslide reactivation due to external triggers in

the winter period of 2012/2013, when during the period from

September 2012 to March 2013 the total cumulative precip-

itation was 793.7 mm and horizontal displacements were in

the range of 9–20 cm. The installed monitoring sensor network

will provide reliable data for the establishment of relations

between landslide causal factors and landslide displacement

rates aimed at establishing threshold values for early warning

system at the Kostanjek Landslide.

Kumar et al. (2014) describe monitoring systems installed

on two of the most critical landslides on one of the important

highways in India, which connects the north western Hima-

layan state of Uttarakhand to the rest of the country. The

entire Himalayan road network suffers extensive damage

from a large number of landslides of different shapes and

sizes. A large number of the landslides on each highway

have occurred repeatedly during every year for many

decades, causing extensive risk to life of commuters, loss

of revenue from direct and indirect losses and hardship for

the people, thus influencing the socio-economic conditions

of the region. In the paper entitled “Monitoring of critical

Himalayan landslides and design of preventive measures”
the very simple monitoring systems installed at the Kaliasaur

Landslide and the Patalganga Landslide consisting of spe-

cially designed grooved steel pedestals, a total station and a

Differential Global Positioning System (DGPS) are

presented. The results of monitoring will encourage utilizing

the same system for other Himalayan landslides of a recur-

ring nature instead of investing in heavy-duty, costly and

sophisticated monitoring instrumentation.

Early Warning Systems Based on
Measurements of Landslides Displacements
and Soil Properties

Chae et al. (2014) in their paper “Suggestion of a landslide

early warning method using a gradient of volumetric water

content” presents the study of a real-time landslide

monitoring system to observe physical property changes in

soils in a slope during rainfall events. This monitoring sys-

tem proposes the measurement of volumetric water content,

which was compared with the results of laboratory flume

tests to identify landslide indicators in the soils. The

response of volumetric water content to rainfall events is

more immediate than that of pore-water pressure, and volu-

metric water content attains its maximum value for some

time before a slope failure. Based on laboratory results, it is

possible to suggest a threshold value of the volumetric water

content gradient demarcating the conditions for slope stabil-

ity and slope failure. This threshold can thus serve as the

basis for an early warning system for landslides considering

both rainfall and soil properties. The proposal is successfully

confirmed by landslide monitoring on the Deoksan test site

in Korea.

Fathani et al. (2014) in their paper entitled “An adaptive

and sustained landslide monitoring and early warning sys-

tem” describe the technical system to support landslide

disaster risk reduction consisting of several technical

components such as instruments for a landslide early warn-

ing system (extensometers, tiltmeters, inclinometers,

raingauges, ultrasonic water level sensors, IP cameras) and

supported by a smart-grid for landslide hazard communica-

tion, monitoring and early warning. Faculty of Engineering,

Universitas Gadjah Mada Indonesia have developed simple

and low-cost equipment for landslide monitoring and early

warning since 2007. This real-time monitoring and early

warning of landslides and debris floods has been imple-

mented at eight geothermal areas in Sumatra, Java and

Sulawesi Islands. The system is designed by using real-

time landslide monitoring and early warning instruments,

and also may involve human sensors—selected trained

people in the local community, who have been dedicated in

their commitment for doing ground checking and sending

reports related to any observed warning signs of potential

landslides.

The paper “Early warning and real-time slope monitoring

systems in West and East Malaysia” prepared by Fung et al.

(2014) presents the application of slope safety warning

systems on two slopes along strategic roads in Malaysia:

the first is located in Perak at the 46th km of the Simpang

Pulai—Kuala Berang Highway and the second is an old fill

embankment slope located at the 50.4th km of the Federal

Road 500 between Penampang and Tambunan of Sabah.

At the first location, monitoring and early warning were

established by installation of a robotic total station,

while at second location the automatic instruments include

a rain gauge station, two sets of piezometers, tiltmeters,

and two manual inclinometers to determine subsurface

soil movements. Based on measured results (rainfall and

movements), warning criteria were proposed. The data col-

lected on site are managed by the same web-based data
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management system. The system is accessible to authorized

users as a web service through the client software.

Early Warning Systems Based on Rainfall
Monitoring and Hydrological Models

Komac et al. (2014) in their paper “A national warning

system for rainfall-induced landslides in Slovenia” present

a result of the project for forecasting the possible occurrence

of rainfall-induced landslides in Slovenia (Masprem Proj-

ect). The landslide hazard forecasting and warning system is

based on three pillars—the landslide susceptibility model,

the precipitation forecast and the triggering values related to

specific rocks/soils. Triggering values were derived using

two separate approaches. In the first an overlay of 29 differ-

ent engineering geological units (rock/soil types) and the

data on maximum 24-h precipitation with the return period

of 100 years (ten classes of intensities; class span was

30 mm) was performed and the number of landslides statis-

tically compared against the size of these unique areas. The

second approach is rainfall event oriented, in which analyses

of the landslide triggering values were compared with the

landslide occurrence and its duration. After calculation of

the most plausible landslide hazard probability model, it has

to be relayed to the end-users: decision makers or the general

public via the internet. The quality of the forecasted land-

slide hazard probability prediction was tested only for the

8 days period prior to a major landslide event that occurred

on 5th November 2012 and resulted in a landslide hazard

probability model for the area of Slovenia.

In the paper “Latest developments of Hong Kong’s Land-
slip Warning System” Wong et al. (2014) present an over-

view of the major components of the Hong Kong Landslip

Warning System and describe the technical basis of the

System. The Geotechnical Engineering Office (GEO) has

been operating a territory-wide Landslip Warning System,

in conjunction with the Hong Kong Observatory (HKO),

since 1977. The purpose is to alert the general public of

possible landslide risks during periods of heavy rainfall.

The GEO has been operating an extensive automatic

raingauge network to provide real-time rainfall information

for use in the Landslip Warning System. Computer programs

are developed and implemented, together with other propri-

etary software packages, to acquire and analyze real-time

rainfall data from the raingauges, display aspects of rainfall

development and predict the number of landslides (based on

24-h recorded rainfall, 21-h recorded rainfall + 3-h fore-

casted rainfall, and 23-h recorded rainfall + 1-h forecasted

rainfall respectively) using a rainfall-landslide correlation

model. A revamped project of the GEO Raingauge System

is in progress to further improve the system performance and

reliability in order to better support decision-making on the

issuing of Landslip Warnings. The probabilistic-based

rainfall-landslide correlation model for man-made slopes,

established on the basis of the most recent landslide and

rainfall data, is being used in the current Landslip Warning

algorithm.

Yang et al. (2014) in their paper “A multi-scaled early

warning method for rainfall-induced mountain hazards” pro-
pose a multi-scale, real-time early warning method, which

combines large-scale regional hazard maps as well as site-

specific hazard site monitoring. The real-time early warning

map for regional scale rainfall-induced mountain hazards

was developed by considering the triggering factors of rain-

fall distribution in addition to pertinent environment factors.

The probability-based prediction method of regional scale

rainfall-induced mountain hazards was developed by com-

bining the hazard zonation map with the probability of

regional precipitation. The prediction model was established

through the analysis of geological and hydrological factors

of the specified area, combined with the analysis of moun-

tain hazard occurrences and the corresponding regional pre-

cipitation data. A site-specific, real-time monitoring and

early warning system was constructed for five mountain

hazard sites, including three debris flow and two landslide

zones along the Longmenshan fault in Dujiangyan and

Pengzhou County, Chengdu City in China. A monitored

artificial rainfall test was conducted on a natural slope and

was used to identify the threshold value to elicit an early

warning that provides guidance and an approximate time for

evacuation and preparation for potential landsides by com-

paring monitored rainfall intensity and its duration.

Warning and Emergency Management

Dourado et al. (2014) present the use of RADAR imagery in

supporting rescue and recovery actions for landslide and

flood disasters in Rio de Janeiro State, Brazil. In the paper

“RADAR images supporting rescue and recovery actions for

landslide and flood disasters—a Rio de Janeiro State case

study” the images from optical sensors are described as very

useful tools for identifying areas that suffered some impact

during catastrophic events. The main advantage of using

RADAR images is the possibility of monitoring areas of

interest, even when there is cloud cover or at night. From

RADAR images, in the post-disaster period, it could be easy

to identify areas that suffered some kind of landscape change

(mass movements, floods, etc.). The flood monitoring is

based on the Normalized Difference Sigma Naught Index

(NDSI), which compares the surface roughness of the image

before the flood (Master Image) with the roughness in the

same surface in the new image acquired during the flood

(Slave Image). To monitor landslides, the methods for anal-

ysis of the data are Coherent Change Detection (CCD) and
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Polarimetric Interferometry (Pol-InSAR) to map areas

where there are landslide-generated changes in the rough-

ness of the surface terrain (scars of landslides). Differential

Interferometry (DInSAR) is used to map areas where the

movement was not enough to significantly alter the land-

scape. If the system runs as planned, in an integrated way

with the Civil Defense, it will become a very useful tool in

rescue actions immediately after the disaster and as a tool in

post-disaster planning.

Marino et al. (2014) in their paper “Geotechnologies for
supporting regular surveys and catastrophic events of Rio de

Janeiro Geological Survey—A case study” present a data

management system related to the geological risk in the Rio

de Janeiro State, Brazil, developed to support field teams and

bring more practicality and organization during field assess-

ment activities. The proposed methods combine a Geo-

graphic Information System (GIS), telecommunications

networks and mobile devices to enhance the process from

data acquisition by field teams, to organization and presen-

tation for remote coordinators. The system consists of the

assemblage of a georeferenced database to organize field-

collected data related to mass movement assessments. The

GIS VICON/SAGA—Vigilance and Control was designated

to support the database. It provides interfaces for data col-

lection, querying, filtering, report and map generation. The

database was structured to store the event location, measure

susceptible or affected areas, retrieve information such as

the number of people affected or killed, and buildings

affected or destroyed by mass movements. The GIS brings

two specific interfaces for data input: from PC, using web

browsers or from the field, using mobile devices, on an

Android OS application. For information retrieval, some

interfaces were developed, such as a query system for

alphanumeric-tabular reports and others for spatial query

procedures for map generation. Databases organize all infor-

mation coming from multiple sources in real time and can be

spatially visualized and analyzed using GIS. Each piece of

information is grouped by type (evaluation of sliding, search

and rescue) and standardized through predefined forms,

providing filtered queries performed from search criteria.

Reports and maps are generated for spatial analysis by any

other analysis tool. As a final result, citizens and “Emer-

gency Teams” consume information, logically organized

and certified, from the manager. After compilation of all

data, the manager in command can evaluate the situation

and prioritize immediate response to the most dangerous

cases in each situation and facilitate developing emergency

actions.

Winter et al. (2014) present technical and perceptual

evaluations of a novel form of landslide warning road signs

known as ‘wig-wags’. The ‘wig-wag’ signs incorporate a

standard rockfall/landslide red warning triangle, flashing

lights and a sub-plate that warns of ‘higher risk when lights

flash’ (i.e. during periods of high rainfall) and they have

been trialed at an important debris-flow site in Scotland.

The paper “Evaluation of ‘wig-wag’ landslide warning

signs” presents results of evaluation after a 2-year trial of

such signs at the highly active A83 Rest and be Thankful site

in Scotland. The following objectives are considered: tech-

nical evaluation to determine the efficacy of the wig-wag

switch-off/switch-on protocol in terms of its alignment with

actual events and also to assess the rainfall threshold used for

the switch-on; and evaluation of drivers’ attitudes and

behavioral responses (perceptual evaluation) to explore the

attitudes held by local and non-local drivers towards land-

slide wig-wag signs on the A83 in terms of their perceived

meaning and their impact on road safety. The evidence from

both the technical and perceptual evaluations indicated that

the wig-wag signs trial has a satisfactory outcome and that

the flashing lights prompt generally desirable behaviors in

the majority of cases.
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Suggestion of a Landslide Early Warning Method
Using a Gradient of Volumetric Water Content

Byung-Gon Chae, Junghae Choi, and Yong-Seok Seo

Abstract

This study involved the installation of a real-time monitoring system to observe physical

property changes in soils in a slope during rainfall events. This monitoring included the

measurement of volumetric water content, which was compared with the results of labora-

tory flume tests to identify landslide indicators in the soils. The response of volumetric

water content to rainfall events is more immediate than that of pore-water pressure, and

volumetric water content retains its maximum value for some time before a slope failure.

Therefore, an alternative method for landslide monitoring can be based on the observation

of volumetric water content and its changes over a time at shallow soil depths. Although no

landslide occurred, the field monitoring results showed a directly proportional relationship

between the effective cumulative rainfall and the gradient of volumetric water content per

unit time (t/tmax). This preliminary study thus related slope failure to the volumetric water

content gradient as a function of rainfall. Laboratory results showed that a high amount of

rainfall and a high gradient of volumetric water content can induce slope failure. Based on

these results, it is possible to suggest a threshold value of the volumetric water content

gradient demarcating the conditions for slope stability and slope failure. This threshold can

thus serve as the basis of an early warning system for landslides considering both rainfall

and soil properties.

Keywords

Landslides � Early warning � Monitoring � Volumetric water content

Introduction

An early warning system is necessary to enable the early

detection of landslide indicators and timely evacuation

of residents from landslide-prone areas. Early detection of

landslide indicators over large areas of natural terrain can be

accomplished by monitoring rainfall and changes in the

physical properties of soils and rocks in real time or near-

real time (Montgomery et al. 2009). Most landslide warning

methods use warning thresholds that consider rainfall and

changes in soil physical properties; if rainfall or a relevant

physical property of the soil exceeds a determined threshold,

the potentially affected public is warned about the likelihood

of landslides. However, these methods have been proposed

as site-specific thresholds for regional or local areas due to

unavailability of sufficient data on landslides and the factors

influencing them on a global scale. There are two basic

methods for determining landslide-triggering rainfall

thresholds: empirical methods and physical methods. Empir-

ical methods are based on statistical relationships between
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historic rainfall parameters and landslide occurrence (Caine

1980; Brand et al. 1984; Larsen and Simon 1993, Marchi

et al. 2002; Aleotti 2004; Guzzetti et al. 2007). Physical

methods are based on numerical models considering

physical relationships among rainfall, soil properties, rain-

fall seepage, volumetric water content, and pore pressure

and their contributions to slope stability (Montgomery and

Dietrich 1994; Iverson 2000; Crosta 1998; Crosta and

Frattini 2003).

Considering the relationship between rainfall and

landslides, the goal of the present study was to propose a

basis for a landslide early warning method using real-time

monitoring of rainfall and the gradient of volumetric water

content in soils on natural terrain in Korea. For this study, a

real-time monitoring system was installed to observe the

changes in soil physical properties along the slopes in a

valley during rainfall events. Among the parameters

measured by the monitoring system, soil volumetric water

content was selected for analysis to identify indicators of

landslide events. The data collected in the field were com-

pared with volumetric water content values acquired from

laboratory flume tests to better understand the relationship

between landslide triggering and changes in volumetric

water content. Based on the preliminary results of this anal-

ysis, we propose a method for landslide early warning using

a threshold of the volumetric water content gradient, a value

which is dependent on both rainfall conditions and soil

properties.

Landslide Monitoring System in the Study Area

The study area was located in Deoksan, Inje County,

Gangwon Province, Korea (Fig. 1). The area is primarily

of mountainous topography, occupying 80 % of the total

area. The study area has relatively steep slope angles, of

which 39.6 % are between 31� and 40�, representing the

highest percentage of all measured slopes (Fig. 1). The

lithology of the study area is composed of Pre-Cambrian

granitic gneiss with a high density of foliations and shear

fractures resulting from complex metamorphism. The area

contains thick colluvium, averaging 4 m thick near the

bottom of the slope and 0.5–2 m thick at the top and middle.

The profile of the weathered soil layer on the mountain slope

shows typical colluvial features composed of loosely

compacted angular rock fragments with poor sorting and

sandy silt particles. The soil is uniformly moist from top to

bottom, implying a high permeability coefficient in the soil

layer. The dominant size of boulders along the bed of the

valley is 60 � 50 cm, resulting from the high density of

shear fractures. This feature clearly indicates that the soil

layer is composed of material from previous landslides, and

there have been many landslides and debris flows in the

study area.

A landslide monitoring system was installed at the

Deoksan test site. There were large debris flows caused by

heavy rainfalls in 2006 and 2007, and because the site has

high potential for future debris flows, this area was selected

as a pilot monitoring site for this study. The monitoring

system was composed of one master data logger, three sets

of debris flow detection sensors, two sets of slope displace-

ment sensors, four sets of water content sensors, one geo-

phone, and one web camera (Fig. 1). The monitoring

system was installed in mountainous areas and was therefore

designed with an independent power supply system and

a wireless communication network. Each sensor was

connected to a radio frequency (RF) logger that was devel-

oped for wireless communication with the master data log-

ger used in this study. The master data logger saved the

transmitted data from each sensor through the RF logger

and sent the data to a monitoring server in a remote area

by TCP/IP communication using a code division multiple

access (CDMA) modem.

Rainfall Infiltration Characteristics in the Study
Area

In this study, four water content sensors (WC) were installed

at the upper, middle, and lower parts of the valley at depths

of 50 cm and 80 cm (Fig. 2). The sensors were installed in

boreholes 10 cm in diameter. The initial volumetric water

content was 14–15 % in January 2008, when the sensors

were installed. A subset of the volumetric water content data

measured since January 2008 is shown in Fig. 3, spanning

from June to August in both 2008 and 2009. Changes in

volumetric water content were closely matched by rainfall

events. Volumetric water content increased rapidly immedi-

ately after the start of rainfall and decreased gradually after

the rainfall event ceased.

Fig. 1 Location of the rainfall monitoring system in the study area and

the distribution of monitoring sensors in the monitoring valley
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To understand the infiltration characteristics at the

Deoksan test site, the average velocity of infiltration into

the soil was calculated based on the volumetric water con-

tent. Infiltration velocity was calculated at each measure-

ment position from (1):

V ¼ L

t� t0ð Þ ð1Þ

where V is the infiltration velocity into subsurface, L is the

vertical distance between the surface and the measurement

position, t0 is arrival time of rainfall at the surface, and t is

the time of the maximum volumetric water content at the

measurement position (Kim et al. 2009). Infiltration velocity

is the rate of movement of water into the soil. Gardner

(1958) explained infiltration velocity under full saturation

of the ground surface in terms of the saturated hydraulic

conductivity and porosity. Because rainfall does not change

the ground condition from an unsaturated condition to a fully

saturated condition at the beginning of rainfall, it is inappro-

priate to apply the saturated hydraulic condition in the field.

Therefore, we calculated the infiltration velocity by measur-

ing the wetting front behavior and the time difference of this

behavior along the vertical direction in the soil. Infiltration

velocity is reduced with increasing depth from the surface by

the matric suction reduction effect (Rab et al. 1987).

Although thewater content sensorswere closely distributed,

spaced 200–300 m apart, and the stratigraphy of the soil layer

was nearly uniform, the average infiltration velocities were

different at each sensor. The infiltration velocities of WC-1

and WC-4 were similar at the 50-cm depth, but WC-2 and

WC-3 showed greater velocities than WC-1 and WC-4

(Fig. 4). This difference in infiltration velocities was likely

related to topographic characteristics. WC-1 and WC-4 were

installed on steep slopes, whereas WC-2 and WC-3 were

located on relatively gentle slopes. Surface runoff of rainfall

is more active on steep slopes than on gentle slopes; therefore,

rainfall may infiltrate further into the soil on gentle slopes under

Fig. 2 Cross-section of the installation depths of volumetric water

content sensors (WC) along the valley

Fig. 3 Distribution of volumetric water content in the soil measured by

the water content sensors in 2008 (a) and 2009 (b)

Fig. 4 Average infiltration velocity of rainfall detected by each mea-

surement sensor
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the same rainfall conditions. The higher infiltration velocity of

rainfall at WC-2 and WC-3 was due to the more gentle slope

angles there than at the locations of WC-1 and WC-4.

Suggestion of a Landslide Early Warning
Method Based on Volumetric Water Content

Volumetric water content, which is closely related to the

wetting front behavior of rainfall, is influenced by the porosity,

effective porosity, and density of soil. The soil condition is

gradually changed froman unsaturated condition to a saturated

condition by the infiltration of rainfall. When the volumetric

water content reaches the maximum value in the saturated

condition, it maintains the maximum value uniformly with

further rainfall within a similar range of porosity (Stephens

1995). It is possible tomeasure the volumetric water content at

each soil depth and so facilitate more accurate recognition of

changes in the degree of saturation with rainfall in the soil.

In this study, we analyzed the changing relationship

between volumetric water content and rainfall based on

field measurements at the Deoksan test site in an attempt to

develop an alternative method for landslide early warning.

We also performed laboratory flume tests with artificial

rainfall to understand the changes in volumetric water con-

tent at the moment of landslide triggering by rainfall. The

relationship between rainfall and volumetric water content

was analyzed for sliding and stable conditions based on the

results from both flume tests and field monitoring.

Relationship Between Water Content and
Landslide Triggering in Soils in Laboratory
Flume Tests

The soil samples for the laboratoryflume testswere completely

weathered granitic gneiss soils that were collected at the

Deoksan test site. The flume was 2.2 m long and 30 cm wide

and the slope angle was 30�. An artificial rainfall simulatorwas

installed above the flume with a rainfall intensity controller

(Fig. 5). In this study, three model slopes were designed using

unsaturated granitic gneiss weathered soils with dry unit

weights of 1.50 t/m3 and 1.33 t/m3, both with a thickness of

30 cm. Four volumetric water content sensors (ThetaProbe

ML2x, Delta-T Devices Ltd.) and three pore-water pressure

sensors (Model PL1M, Senzors, Inc.) were installed at the

bottom of the flume to measure the water content in the slope.

As shown in Fig. 6, pore-water pressures gradually

increased until slope failure and abruptly decreased immedi-

ately after slope failure. Therefore, it is difficult to identify

slope failure in advance or to determine a baseline slope

failure time using only pore-water pressure. However, it is

possible to predict a slope failure time using the gradient of

volumetric water content for two reasons: (1) the response of

the volumetric water content is faster than that of pore-water

pressure because it can be measured immediately after

rainfall infiltration, even before the increase of pore-water

pressure, and (2) volumetric water content maintains its

maximum value for some time before slope failure (Sun

et al. 1998). Volumetric water content reaches its maximum

value when the soil becomes fully saturated by rainfall,

resulting in slope failure due to decreases in both the shear

strength and cohesion of the soil (Huang et al. 2009). There-

fore, analyzing volumetric water content along with rainfall

is an applicable method for predicting landslides in advance.

Suggestions for a Landslide Early Warning
Method Based on a Change Ratio of Volumetric
Water Content

Volumetric water content is the fraction of the total volume

of soil that is occupied by water. Because it has a close

relationship with soil porosity, volumetric water content is

equivalent to the saturation degree in cases when the pores

are fully filled with water (Fredlund and Rahardjo 1993).

Volumetric water content is a relative value that differs from

gravimetric water content, which measures the weights of

soil and water. Therefore, it is reasonable to measure the

volumetric water content and rainfall duration, rather than

the gravimetric water content, for landslide prediction over a

broad area experiencing different rainfall amounts.

The results of the laboratory flume tests were compared

with field monitoring results in this study to analyze the

relationship between slope failure and changes in volumetric

water content caused by rainfall. We analyzed the gradient

of volumetric water content from the starting time of

increasing volumetric water content (t) to the time of maxi-

mum volumetric water content (tmax) for one rainfall event.
Because t/tmax is a time ratio of volumetric water content

change, it ranges from 0 to 1. Therefore, t/tmax is simply a

dimensionless unit of time.

Fig. 5 Schematic diagram of the flume test equipment of the installed

ADR sensors and pore-water pressure sensors
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Figure 7 shows a comparison of the changes in volumet-

ric water content gradient with rainfall amount based on the

data from the field monitoring and the laboratory flume tests.

The volumetric water content gradient was steep for low

rainfall amounts and became gentle with an increase in

rainfall amount. This phenomenon is related to the low

initial volumetric water content of unsaturated soil, indi-

cating a slow infiltration of rainfall under high volumetric

water content conditions induced by the antecedent rainfall.

In the case of the laboratory flume tests with slope failures,

the gradient of volumetric water content is plotted in a range

between 0.107 and 0.249. Conversely, field monitoring

results without slope failure from June to August in both

2008 and 2009 show a range of volumetric water content

gradients between 0.003 and 0.073. The results show that a

large rainfall amount and a high gradient of volumetric water

content contribute to slope failures.

Based on the above results of the preliminary study, we

suggest a threshold for the volumetric water content gradient

marking the point between slope failure and stability. This

threshold could provide a baseline for the early warning of

landslides that are triggered by rainfall. Comparison of the

results for the volumetric water content gradient showed that

a landslide tends to be triggered at a volumetric water con-

tent gradient of over 0.1 in the case of the granitic gneiss

weathered soil of the Deoksan test site (Fig. 7). Therefore,

the analysis of volumetric water content gradient could be

chosen as a possible method for a landslide early warning by

considering both rainfall and soil properties. However, it is

necessary to determine a threshold volumetric water content

gradient based on long-term field monitoring and various

scenarios in laboratory tests because the gradient will differ

depending on topography, geology, and soil properties

experiencing the same rainfall conditions.

Conclusions

This study was performed to determine a method for

landslide early warning by real-time monitoring of rain-

fall and the volumetric water content gradient in soil on

natural terrain in Korea. According to the flume test

Fig. 6 Variations of volumetric water content and pore-water pressure

under a rainfall intensity of 200 mm/h in the flume tests. ADR ampli-

tude domain reflectometry sensor, PWP pore water pressure sensor. (a)

Test 1, (b) Test 2, (c) Test 3

Fig. 7 Relationship between volumetric water content gradient and

rainfall based on the data from field monitoring and laboratory flume

tests
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results, pore-water pressures gradually increased until

slope failure and abruptly decreased immediately after

slope failure. However, the volumetric water content

maintained a uniform maximum value before slope fail-

ure, exhibiting a more rapid increase than that of the pore-

water pressure. Therefore, it is easier to identify a slope

failure in advance and to determine a baseline slope

failure time using volumetric water content than pore-

water pressure. This indicates that observation of volu-

metric water content may be a viable method for

predicting landslides.

As a preliminary study, this work related slope failure

to the volumetric water content gradient dependent on

rainfall conditions. In case of the laboratory flume tests

with slope failures, the volumetric water content gradient

was distributed in the range of 0.107–0.249. The field

monitoring results without slope failure showed a gradi-

ent range of volumetric water content between 0.003 and

0.073 at the study area. The results demonstrate that a

large amount of rainfall and a high gradient of volumetric

water content contribute to slope failures. Based on the

above results, we suggest a threshold for volumetric

water content gradient for the early warning of landslides

that are triggered by rainfall. Our results showed that a

landslide tends to be triggered at volumetric water con-

tent gradient over 0.1 in the case of the Deoksan test site.

In future studies, other site-specific threshold volumetric

water content gradients, which are dependent on topogra-

phy, geology, and soil properties, can be determined by

long-term field monitoring and laboratory tests.
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RADAR Images Supporting Rescue and Recovery
Actions for Landslide and Flood Disasters: A Rio
de Janeiro State Case Study

Francisco Dourado, Aline Freitas, and Nelson Fernandes

Abstract

The use of RADAR images for monitoring natural disasters has two advantages compared

to optical satellite images: RADAR images can be collected day or night, and regardless of

weather. In major disasters related to landslides or floods, weather conditions are adverse

and generally includes dense cloud cover that prevents use of optical satellite images. In a

project approved between the Japan Aerospace Exploration Agency and the University of

Rio de Janeiro State, there was an agreement to transfer up to twenty PALSAR2 images

(with up to one meter spatial resolution) for monitoring natural disasters related to

landslides or floods in Rio de Janeiro State. The procedure for monitoring is to collect

ten images before the Brazilian rainy season (which in Rio de Janeiro starts in November-

December and finishes around March-April. This is the opposite of Asia, which is in the dry

season, so the satellite can be provided quickly in this period) to be used to obtain reference

images for the follow methods: Coherent Change Detection (CCD) and Differential/

Polarimetric Interferometry (DInSAR/Pol-InSAR). When a disaster with landslides or

floods happens, it will be possible, to quickly and without any weather problems, detect

if some land has slipped (mapping potential areas to slip), and if some areas are flooded.

The main objective of this project is to subsidize the creation of maps for government

agencies to use in planning strategies to minimize the hazard impacts and to assist

governmental agencies at two stages: (1) during the disaster: helping rescuers and rescue

efforts, indicating priority areas to be worked on and the numbers of people affected; and

(2) after the disaster: mapping the extent of the affected areas, to assist in planning the

recovery of these areas.

Keywords

RADAR � Remote sensing � NDSI � DInSAR � Pol-InSAR

Introduction

Global climate change, on the local scale, affects areas in

different ways. Sometimes climate shifts can be observed by

the changes in land use, and other times, in variations in the

regularity and magnitude of natural disasters caused by

extreme weather events.

Climate changes can modify land use. Assuming an

increase in the mean of Earth temperature, cooler regions

could become fertile, but on the other hand, regions with

high productivity could be affected by higher temperatures
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351, Niterói, Brazil

e-mail: afsilva@drm.rj.gov.br

N. Fernandes

Geography Department, CCMN, IGEO, Federal University of Rio de

Janeiro, Bloco H, Room 8, Cidade Universitária, Rio de Janeiro, Brazil
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and have as a consequence changes in rain precipitation and

evaporation rate, for example. The opposite, a decrease in

the mean of Earth temperature, doesn’t make cold areas any

more productive, and in addition could decrease the produc-

tivity in highly productive areas, resulting in a much greater

impact on global food supplies.

Climate changes are not limited to modifying the mean of

Earth temperature; there can also be changes in the patterns

of rainfall, which affects agricultural productivity, and can

alter the distribution pattern, frequency and intensity of

floods and landslides, among other effects.

Landslides and floods are hazards that cause death and

destruction. In addition to destroying buildings and houses,

they can interrupt communication and transport systems, and

water supplies and sewage, drastically affecting the entire

infrastructure of a region.

In Brazil there has been an increase in the number of

deaths caused by natural disasters linked to extreme weather

events. In recent years, thousands of people died and tens of

thousands were left homeless, and millions were affected by

natural disasters (Table 1). Among the natural disasters that

occur in Brazil, landslides and floods are the biggest killers

and generate more damage to the economy. Comparatively,

the number of events in the 2000s was 2,400 % higher for

mass movements and 400 % for flooding and waterlogging.

The number of affected municipalities in 1991 and 2010

were 276 and 3,027 respectively. The identification of risk

areas is the first step in managing these risks. The best and

the most reliable methods for identifying areas of risk

mapping is “in loco”, with field work, on a scale where it

is possible to identify points of susceptibility and their

associated risks. Unfortunately this technique demands

highly skilled professionals and consumes a large number

of working hours, which dramatically increases the cost of

mapping. Such resources and skilled professionals are not

always available to local governments.

The use of indirect or remote methods generally reduces

both the cost of identification and the time it takes to perform

the mapping. However, the scale of work is still limited to

the spatial resolution of the remote data obtained.

The images from optical sensors are very useful tools

for identifying areas that suffered some impact during

catastrophic events. The high spatial resolution of the

images currently available and supervised classification

algorithms enable these regions to be identified quickly.

The main advantage of using images of RADAR is the

possibility of monitoring areas of interest, even when there is

cloud cover or at night. From RADAR images, in the post-

disaster period, we can easily identify areas that suffered

some kind of landscape change (mass movements, floods,

etc.). In areas where the images identify small movements,

but without a marked change in the landscape. we can also

assume that these areas will be prone to later rapid

movements that may cause damage and fatalities.

Study Area

The study area for this work is Rio de Janeiro State, located

in south-eastern part of Brazil. Historically the main dangers

that occur in the state are landslides and floods. The state

is administratively divided into eight regions, illustrated in

Fig. 1.

The main morphological units found in Rio de Janeiro

State are (1) the lowlands, occurring mainly in the Metro-

politan Region, Lagoons Region and North Region; and

(2) the highly rugged terrain and great slopes found in the

Mountain Region, Metropolitan Region and Ilha Grande

Bay Region.

Rio de Janeiro State has a population nearly of 16 million

people in an area of approximately 44,000 km2, with an

average population density about 366 inhabitants per km2.

The distribution of this population is uneven, and largely

urban. The most densely populated administrative region is

the Metropolitan Region with 2,208 inhabitants per km2.

The regions where more mass movements occur are the

Metropolitan Region and Mountain Region (116 inhabitants

per km 2), while the administrative regions that have more

floods are the Metropolitan Region and the Northern Region

(87 inhabitants per km2) (IBGE 2013).

Comparatively, mass movements cause more deaths than

flooding. Between 2010 and 2011, during the last three

major events that occurred in the state of Rio de Janeiro,

Table 1 Latest large mass movement events and flooding in Brazil

Site State Kind of event Date Victims Affected

Morro do Bumba, Niterói RJ MM April/2010 166 >1,000,000

Região Serrana RJ MM and FL Jan/2011 947 >2,000,000

Vale do Itajaı́ SC FL Set/2011 1 >50,000

Rio Una AL/PE FL June/2010 47 >80,000

Ilha Grande and Angra dos Reis RJ MM Jan/2010 53 >100,000

Morretes/Antonina PR MM Mar/2011 5 >20,000

Morro do Baú, Vale do Itajaı́ SC MM and FL Nov/2008 135 >10,000

São Luiz do Paraitinga SP FL Jan/2010 53 >10,000

MM mass movement, FL flood
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1,166 people were killed due to mass movements, and there

were 7 deaths directly related to flooding.

Thus, even though hazards affect the entire state of Rio de

Janeiro, the Metropolitan Region will be our main area of

monitoring because of three key points: (1) the region has

morphological features with large slopes, together with low-

land areas almost at sea level; (2) the region has the highest

population density of the state and; (3) it has records of the

most recent recurring events. In addition, due to the morpho-

logical characteristics of the land, the Mountain Region will

be monitored for landslides and the Northern Region for

floods.

Objectives

The main objective of this work is to evaluate the efficiency

of the use of images from Synthetic Aperture Radar to

monitor areas susceptible to mass movements and floods in

Rio de Janeiro State.

From these RADAR images, we will generate two types

of maps that can be used by Civil Defense for two different

purposes:

• Mapping areas where landslides have happened or that

have been flooded—based on these maps it is possible to

devise strategies and priorities for emergency actions.

Integrating these data with population information, it

will be possible to prioritize the areas to be served. And

further, to quantify the number of occurrences in terms of

the total area affected (in km2 or m2, for example).

• Mapping areas that suffered some slight mass movement,

but have not completed the process of slipping. These

maps will indicate the extent of the affected areas, to

assist in planning of recovery and indicating areas more

likely to have continued slippage if the factors triggering

the movement continue to act. In these cases, the trigger-

ing value that will start the next movement should be

smaller than the trigger that caused the previous event,

because the initial movement may have created new

planes of discontinuity or increased the existing planes,

raising landslide susceptibility in the area.

Fig. 1 Rio de Janeiro State: Ilha Grande Bay Region (red); Paraı́ba River Region (light green); Center-South Region (salmon); Metropolitan

Region (green); Mountain Region (blue); Lagoons Region (orange); North Region (pink); Northwest Region (grey)
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Methods

The area will be monitored for catastrophic flooding

associated with extreme weather events that occur during

the rainy season in Brazil (concentrated between the months

of November to April). To determine the best acquisition

period for reference images, we must remember that the

dynamic changes in soil use in Brazil are very large. Thus,

for comparison of conditions before and during the disaster,

the ideal is that the images be acquired as late as possible

before the rainy season. If we use an image from a period that

is a long time before the catastrophic event, it can be

misleading to compare anthropogenic changes in land use

from features caused by the real floods. The best period for

acquisition of reference images for extreme weather events of

catastrophic landslides and flooding in Brazil is between the

months of June and August, when rainfalls are lower. As

mentioned, the period with the greatest potential for flooding

occurs between November to April, but, of course, the exact

date of the extreme catastrophic events could not be provided

at the time of preparation of this proposal. The request for

images of the events in emergencies will be made to the Japan

Aerospace Exploration Agency (JAXA), according to when

they occur and the technical availability of the satellite.

The monitoring of landslides and floods is done by using

Synthetic Aperture Radar images (SAR) (Rott 2009). Math-

ematical processing is used to identify and map areas that

suffered some kind of modification on its surface.

In this project we used PALSAR2 images in the L-Band

(1–2 GHz/15–30 cm) onboard an ALOS2 platform. The

sensor has six modes of acquiring data, with full polarization

capability in some modes. The spatial resolution is between

1 and 100 m and the temporal resolution of up to 14 days.

For disaster monitoring, the mode used is Ultra-Fine Mode

with 3 m of spatial resolution and dual polarization (HH +

HV or VV + VH) (Kankaku et al. 2009).

To monitor a flood disaster, the processing adopted is

Normalized Difference Sigma Naught Index (NDSI) (Furuta

et al. 2013). To monitor landslides, the methods for the

analysis of the data will be Coherent Change Detection

(CCD) and Polarimetric Interferometry (Pol-InSAR) to

map scars of landslides (Furuta et al. 2013; Cigna et al.

2011). Differential Interferometry (DInSAR) will be used

to map areas where the movement was not enough too

significantly to change the landscape, but that generated a

shift (Herrera et al. 2013; Cascini et al. 2010).

Discussion

Landslides and floods are the most important natural hazards

occurring in Brazil. Hazards are a dangerous phenomena,

substances, human activities or conditions that may cause

loss of life, injury or other health impacts, property damage,

loss of livelihoods and services, social and economic disrup-

tion, or environmental damage (UNISDR 2009). Disasters

need triggers to start the dangerous processes happening.

The trigger associated with floods is a large volume of

rain that falls in a time less than the flow capacity of the river

basin, thus the water level in the basin rises, flooding areas

that are usually dry. Except in cases where they are started

by earthquakes, the vast majority of landslides occur when

soil moisture increases due to water infiltration, increasing

the pore pressure and consequently decreasing cohesion,

thus leading to rupture. This phenomenon occurs when

there is excess water and is generally associated, as in the

case of floods, with a large amount of rain in a concentrated

period of time.

In both cases, the trigger of these hazards is heavy rainfall

that is always associated with a cloud cover that prevents the

use of optical satellite images or surveys using aerial

photographs. Having a great advantage in the case of the

monitoring of landslides and floods, the use of RADAR

images does not depend on weather conditions. On the

other hand, compared to optical images, currently RADAR

images are at a disadvantage in terms of spatial resolution

(size of the area that is represented in a pixel in the image)

and time resolution (the time it takes for an area to be imaged

from the same position configurations of the satellite).

The flood monitoring will be based on the Normalized

Difference Sigma Naught Index (NDSI), which compares

the surface roughness of the image before the flood (Master

Image) with the roughness in the same surface in the new

image acquired during the flood (Slave Image). The Master

Image presents roughness compatible with the land use and

surface coverage by varying the texture according to its

classification. In the Slave Image, areas that are flooded

show low backscattering due to the specular surface formed

by the reflecting pool. The NDSI identifies areas where

changes occurred in the backscattering. The greater the

difference, the greater will be the value of NDSI.

This method has a weakness, that is the time taken to

acquire the Slave Image. The sooner after the event the

image is acquired, the better the accuracy of the results.

The Slave Image should be collected while there are still

bodies of water (for example pools, temporary lakes or

lagoons, etc.) created by the flood, that cause the low back-

scattering. When the body of water disappears (after the

finish of the flood), wet soil will still cause a decrease in

the backscattering, but the values will not be as low as those

recorded when there is a body of water. Thus, the accuracy

of the method also decreases.

To monitor landslides, the methods for analysis of the

data will be Coherent Change Detection (CCD) and Polari-

metric Interferometry (Pol-InSAR) to map areas where

there are landslide-generated changes in the roughness

of the surface terrain (scars of landslides). Differential
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Interferometry (DInSAR) is used to map areas where the

movement was not enough to significantly alter the land-

scape, but that generated a shift sufficient to be measured by

the method and that may indicate a potential area for new

catastrophic movements.

As NDSI procedures, the CCD and the Pol-InSAR

procedures require that two images be compared (Master

Image and Slave Image) and from this comparison areas

are identified that had suffered changes in their surfaces.

Pol-InSAR identifies areas which had a change of position

(horizontal or vertical shifts), through DInSAR it is possible

to measure the position’s variation.
Once calculated, variations in roughness enabled us to

identify areas that have suffered landslides and divide them

into two sets or classes: one group which show a high

volume of material and large displacement and a second

group that show a small movement, some centimeters, inde-

pendent of volume. In the areas where the shift was large,

landslides occurred. Areas where the shift was small (the

movement wasn’t completed) are those with a bigger predis-

position for movement to occur next. In addition, in these

areas, the trigger’s value will be lower due to weakness

planes created during these small movements.

Among the methods presented, the Pol-InSAR and

DInSAR require more complex processing, There are no

free programs for these procedures and the available soft-

ware is very expensive.

Conclusions

Rio de Janeiro State has no system of emergency identifi-

cation and mapping of large areas affected by landslides

and floods. Currently, the mapping was done by emer-

gency teams in relatively small areas and depends

directly on aerial photographs, which in turn depend on

favorable weather conditions to fly and on seat availabil-

ity on the aircraft where priority is given to search and

rescue of victims.

On the other hand, the mapping of large areas is

possible using RADAR images that do not depend on

weather conditions. Depending on the RADAR system,

the time resolution can be some days. The use of an

airborne platform (aircraft or Unmanned Aerial Vehicle/

UVA) can reduce the time resolution to hours.

From the analysis of RADAR images it possible to

create maps of areas flooded or of landslide distribution,

quantifying the number of occurrences and the total area

affected. It is also possible to devise strategies and

priorities for emergency response and build maps of the

areas most susceptible to landslides, assisting in the

planning of recovery of these areas.

A disadvantage of the use of images from RADAR are

(1) it is expensive; (2) the high cost of image processing

software and; (3) the small community of experts in

Brazil that know how to use this tool—which generates

high costs for personnel. These three points make it

difficult to popularize the use of this tool.

If the proposed system runs as planned, in an

integrated way with the Civil Defense, it will become a

very useful tool in rescue actions immediately after the

disaster and as a tool in post-disaster planning.
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Application of Low-Cost Tools and Techniques
for Landslide Monitoring

Etim Eyo, Tajul Musa, Kamaludin Omar, Khairulnizam M. Idris, Temel Bayrak,
and Ifeanyi Onuigbo

Abstract

This paper proposes a low-cost landslide monitoring system using the Reverse Real-Time

Kinematic (RRTK) technique. The server-based processing technique, which utilizes the

two-way communication channel for the computation and transmission of the user’s
accurate position, is discussed. The basic infrastructure requirements for RRTK in low-

cost landslide monitoring application are described. In order to implement the proposed

RRTK algorithm, real-time data streaming of raw Global Positioning System (GPS) data of

both the reference and rover station(s) to the control centre, are performed. A high pass

filtering technique was employed to detect outliers in the observations. Finally, the auto-

correlation of GPS time series was investigated to validate the presence of white and

coloured noises in the GPS observations.

Keywords

Landslide monitoring � Low-cost � GPS � Reverse � Real-time kinematic � Data streaming

Introduction

The main goal of our ongoing research is to design a low-

cost monitoring system for landslide investigation using the

Reverse Real-Time Kinematic (RRTK) technique. For a

standard RTK-GPS operation, dual-frequency geodetic-

grade receivers with the supporting firmware are usually

required. However, the high cost of these receivers and the

supporting software is one of the reasons limiting the use of

RTK GPS for several monitoring applications (Takasu and

Yasuda 2009). The big challenge, therefore, in GNSS moni-

toring is how to reduce the cost of the monitoring scheme.

The cost of monitoring includes the costs of RTK GPS

receivers, power supply, communication, logistics, and

personnel.

In this paper, a new landslide deformation monitoring

concept that uses the RRTK principle is proposed. In order

to support this proposed technique, real-time data streaming

of raw GPS data of reference and rover stations was carried

out using the ISKANDARnet infrastructure and Ntrip

protocol.
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Gϋmϋşhane University, Gϋmϋşhane, Turkey
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The Server-Based Processing Technique

The conceptual framework of this study is based on the

server-based RTK processing concept. According to Feng

et al. (2009), the server-based RTK processing concept can

be used in various RTK techniques (see Fig. 1): precise point

positioning (PPP), standard single-baseline RTK, network-

RTK (NRTK), reverse single-baseline RTK (RRTK), and

reverse network RTK (RNRTK).

The last two techniques (RRTK and RNRTK) combine

the server-based processing concept and two-way communi-

cation for the computation and transmission of the user’s
accurate position. The reverse technique, which technically

alters the one-way communication flow in the conventional

RTK technique, involves a two-way communication (see

Fig. 2) which requires the field users to transmit their raw

observations to a control centre for the computation of the

position solution, after which the computed solution along

with the quality control indicators are transmitted back to the

field users.

The main advantages that the server-based processing

technique can provide for landslide monitoring applications

are that the costs and tasks of the monitoring scheme will be

drastically reduced, as low-cost receiver hardware will be

utilized for real-time streaming of raw GPS measurements

and complex algorithms and computations at the user end

will be eliminated (Rizos 2007; Zinas et al. 2012).

Infrastructure for Reverse RTK

The infrastructure requirements for the RRTK technique

(see Fig. 3) include the following: receivers, software,

power management, communication, continuously

operating reference stations (CORS), and data handling

and processing.

In this study, a low-cost positioning system using a

Magellan Professional AC12 GPS OEM receiver, which

cost a few hundred US dollars, is being designed. This

receiver provides precise carrier phase outputs and can be

used in high accuracy applications such as land and marine

navigation, deformation monitoring, asset and personnel

tracking and relative navigation (Alkan and Saka 2009).

The software requirements to operate the reverse RTK

algorithms could be quite expensive. To avoid the inherent

costs in software development, this study employs the

RTKLIB software. The unique advantages of RTKLIB are

that it supports low-cost receivers to stream raw measure-

ment data of GPS signals, and enables users to design and

operate original low-cost RTK GPS systems (Takasu and

Yasuda 2009).

Secure energy supply is of paramount importance in

landslide monitoring, which is often carried out in remote

locations with little or no access to an electricity network.

The main facilities that have an energy demand include

sensor equipment, and communication and data processing

(control centre) infrastructure. The main concern here is to

choose facilities with the capacity to minimise power usage

in order to extend battery life.

There are many options available for supporting the data

transmission component of the RRTK system. These include

radio-based communications, Internet communications, and

wireless communications. A technique using the Internet for

streaming GNSS data between different user equipment for

precise positioning and navigation known as “Networked
Transport of RTCM via Internet Protocol (NTRIP)” is used
for the real-time GPS data streaming in this study.

Fig. 1 Server-based RTK concept (Feng et al. 2009)

Fig. 2 Two-way communication channel

Fig. 3 The architecture of the RRTK technique
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The server-based processing technique usually uses

existing GPS/GNSS CORS infrastructure. The CORS

facilities utilized for this study is the ISKANDARnet. The

control centre of ISKANDARnet is located in the Faculty of

Geoinformation and Real Estate, Universiti Teknologi

Malaysia (Shariff et al. 2009). At the time of writing of

this paper, ISKANDARnet consists of four reference

stations (ISK1, ISK2, ISK3, and ISK4), while more reference

stations are being planned for the future. The distribution of

the current ISKANDARnet reference stations is shown in

Fig. 4.

Data handling consists of storing, processing, and

presenting data in a format useful for the required applica-

tion. In the RRTK technique, a greater proportion of posi-

tioning computation is shifted from the user end to the

control centre. RRTK positioning requires transmission

(typically every second) of reference and rover stations to

the control centre. The volume of data involved can be very

huge and efficient processing can be challenging.

Experimental Data Collection and Processing

The proposed new monitoring technique using RRTK prin-

ciple and server-based processing methods was tested using

data from test sites located at the Universiti Teknologi

Malaysia. A 388-second dataset acquired at 1 s intervals on

March 18, 2013, was processed to test the performance of

the developed methods. The reference station and rover

configuration are shown in Fig. 5.

The processing of the real-time GPS data was performed

using the modified RTKLIB software package, based on

server-based processing methods. In this approach, the

rover station was processed using the single-base RTK tech-

nique from the closest reference station. The reference

station used for the data streaming at G011 was ISK 3, a

distance of about 23 km apart. In the next test campaign, all

the reference stations will be utilized in processing the rover

position. The results of the baselines solutions are presented

in the local Cartesian coordinates.

The baseline of about 23 km may have introduced

distance-related errors into the observations. Also, the high

latency rate caused by fluctuations in Internet service in

the streaming of data to the control centre, may have

contributed to delay in resolving ambiguity for the determi-

nation of the position solution. In order to detect outliers in

the observations, a high-pass filter was implemented. In this

study, a weighted mean value is calculated from the

coordinates and sigma according to (1) (Sundström 2009):

Xf ¼ X � X̂ , ð1Þ

where Xf is the filtered position, X is the observed value and

X̂ is the weighted mean value obtained from:

X̂ ¼
XN

i¼1
Xi � wi, ð2Þ

where N is the total number of observations for the filter and

w is the weight obtained from (3):

wi ¼
1
σ3XN

j¼1

1

σ3

, ð3Þ

where σ is the standard deviation value of Easting, Northing

and Height.

The autocorrelation of GPS time series was also

investigated. The observation time series is described as

(Y1, Y2, Y3, . . ., Yk, . . . Yn), which are made at equidistant

time intervals Δt. N is the total number of the observations.

The mean value of all observations is computed as Y ; then
the autocorrelation coefficient (Rh) of the observation series

is computed as follows:

Rh ¼ Ch=Co, ð4Þ

Fig. 4 Distribution of ISKANDARnet reference stations (as modified

in Google Maps)

Fig. 5 Test network consisting of four reference stations (ISK1, ISK2,

ISK3 and ISK4) and one rover (GO11)
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where Ch is the autocovariance function:

Ch ¼
XN�h

t¼1

Yt � Y
� �

Ytþh � Y
� �

=N, ð5Þ

and Co is the variance function:

Co ¼
XN

t¼1

Yt � Y
� �2

=N, ð6Þ

h is time lag (h ¼ 1, 2, 3, . . .).

The plot of Rh for varying h is called the correlogram for

the random process Yk. The correlogram is used to check for

serial dependency in an observed time series.

Results and Analysis

The plots of both filtered and unfiltered observations for the

first 25 s are given in Figs. 6, 7 and 8. It is shown that the

implementation of the high-pass filter has been able to detect

outliers in the observations. The observations of first 5 s and

16 s are outliers. The noises were due to the fact that the

position solutions of first 5 s were in a float solution as the

system was still in the initialization stage. The fixed solution

commenced from the sixth second observation.

The plot of the standard deviation values for the first 25 s

is given in Fig. 9. The standard deviation values for the three

components were generally high in observations of first 5 s

and 16 s; Northing and Easting having the highest values of

about 1 m, and height of more than 3 m. The standard

deviation values for the subsequent observations were

about 1 mm for Northing and Easting and about 3 mm for

Height.

The plot of the displacement vectors for Northing, East-

ing and Height components, for the first 25 s is given in

Fig. 10. It is shown that the displacements are affected by

high standard deviation values—that is, large displacements

have high standard deviation values.

The autocorrelation functions of the GPS time series for

Northing, Easting, and Height, respectively are shown in

Figs. 11, 12 and 13.

In the correlogram of Northing (Fig. 11), the autocorrela-

tion functions take the value Ro ¼ 0.003 and decrease expo-

nentially until time lag 300 s when the autocorrelation of the

observations is not so obvious. In the correlogram of Easting

Fig. 6 Filtered and unfiltered observations for Northing components Fig. 7 Filtered and unfiltered observations for Easting components

Fig. 8 Filtered and unfiltered observations for Height components

Fig. 9 Standard deviation values for Northing, Easting, and Height

components
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(Fig. 12), the autocorrelation functions take the value

Ro ¼ 0.003 and decrease exponentially until the time lag

300 s when the autocorrelation of the observations is not so

obvious. In the correlogram of Height (Fig. 13), the autocor-

relation functions take the value Ro ¼ 0.003 and decrease

exponentially until the time lag 200 s when the autocorrela-

tion of the observations is not so obvious. These deviations

show that the GPS measurements contain white and

coloured noise. The coloured noises in the GPS measure-

ments follow an exponential distribution. When the time lag

is larger, for example 200 s, the autocorrelation of the

observations is not so obvious. But when the time lag is

smaller, for example 1 s, the autocorrelation coefficient

between two observations becomes larger.

Summary and Outlook

We have discussed the concept, principles, and infrastruc-

ture requirements of a proposed low-cost landslide monitor-

ing system using RRTK technique. In order to implement the

RRTK algorithm, a real-time data streaming of raw GPS

data of the reference and rover stations was performed by

utilizing the ISKANDARnet infrastructure and Ntrip proto-

col. The main purpose of the data streaming was to investi-

gate the quality of the measurements. A high-pass filter was

implemented to detect outliers in the measurements. Auto-

correlation analysis of GPS time series was also carried out

to validate the presence of white and coloured noise in the

GPS measurements.

The main problems encountered during field work

include power supply problems and fluctuations in Internet

services. There is a great concern for power supply because a

typical landslide site may be located in remote areas where

access to the electric network is not readily available. The

fluctuation in Internet services was a big concern as this may

have contributed to a high latency rate in the streaming of the

data.

The next phase of the study will involve the implementa-

tion of RRTK GPS technique on real-world landslide sites.
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An Adaptive and Sustained Landslide Monitoring
and Early Warning System

Teuku Faisal Fathani, Dwikorita Karnawati, and Wahyu Wilopo

Abstract

Areas prone to mass movement are widespread in Indonesia. The potential for landslide

disasters in several regions is controlled by the geotechnical and geological conditions and

triggered by high intensity rainfall and/or earthquake activity. The vulnerability to

landslides is made worse by intensive land-use development. The urgent issues to be

addressed are the dense populations residing in areas prone to mass movement and the

failure to relocate the local people to safer areas for socio-economic reasons. Therefore,

landslide monitoring, prediction, and early warning systems are urgently required to

guarantee the safety of communities living in such areas. A long running and sustainable

community-based landslide monitoring and early warning system (EWS) has been

developed in Indonesia, with establishment of collaboration among the local government,

universities, private sectors, NGOs, and the disaster management community. The main

purpose of the program is to establish a strategic approach for disaster risk reduction

through the implementation of information flow (for warning levels) and order/command

systems (for evacuation). These activities have already met the community needs, helped

save lives, and continued to obtain solid community support. In order to extend the effort,

further challenges are to expand the project coverage, and propose more effective landslide

monitoring, early warning, analysis, and visualization. In addition, the capabilities in socio-

economic risk assessment need to be expedited to help identify those most at risk within the

community. This paper describes the achievements and the current activities of the IPL

Project (IPL-158) “Development of Community-based Landslide Early Warning System”.

Keywords

Landslide monitoring sensors � Information flow � Command system � Community

empowerment

Introduction

As a basis for landslide mitigation, the implementation of

preventive measures usually focuses on avoiding slope

failure, diverting the moving mass away from vulnerable

elements, or building reinforcement to protect the threatened

elements. However, the importance of early warning systems

may rise if landslide mass stabilizing action is considered

expensive in financial and/or environmental terms. The

implementation of early warning systems may, at least, avoid

damage and the loss of human lives (Corominas et al. 2005).
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Ideally, zones with a high susceptibility and landslide risk

should be prevented from being developed. Unfortunately,

quite often the susceptible particular zone has been

developed as a dense settlement of housing and infrastruc-

ture areas and the relocation of people living in this area to a

safer zone cannot be conducted due to some socio-economic

constraints. Thus, the development of a landslide warning

system becomes very critical to protect the people living in

the landslide-prone areas (Anderson et al. 2011; Halcombe

et al. 2012).

In order to guarantee the effectiveness of the landslide

early warning system, the developed system should be

simple to operate and appropriately installed in the most

suitable sites. Consequently, this system should incorporate

both technical and social approaches. The determination of

early warning criteria is considered as one of several

involvements in a technical approach (Fathani et al. 2011;

Fathani and Karnawati 2010).

The application of the most appropriate and adaptive

technology for an early warning system is considered crucial

to reduce the risk of landslide disasters. Unfortunately, the

effectiveness in implementing an early warning system

cannot be guaranteed due to inadequate consideration of

the social, cultural, and economic conditions. Accordingly,

the need to integrate social considerations into the technical

system should be addressed in order to assure the effective-

ness in the implementation of such an approach.

Development of the Technical System

The technical system to support landslide disaster risk

reduction was developed by Fathani and Karnawati (2012),

and consists of several technical components such as

instruments for a landslide early warning system

recommended by Fathani et al. (2008) and also Fathani and

Karnawati (2010), supported by the smart-grid for landslide

hazard communication, monitoring and early warning

developed by Karnawati et al. (2011b, 2012).

Faculty of Engineering, Universitas Gadjah Mada

Indonesia has developed simple and low-cost equipment

for landslide monitoring and early warning since 2007.

Initially, two types of simple extensometers and rain gauge

were installed at several pilot areas in Central Java and East

Java Provinces. The first type of extensometer is a handmade

manual reading extensometer and the other type is an

automatic extensometer for monitoring ground surface

movement. Both types of extensometers, coupled with an

Automatic Rainfall Recorder (ARR), are connected to the

alarm system to directly warn the local community to take

necessary actions in dealing with potential landslide

disasters (Fathani et al. 2008).

In line with the installation of simple monitoring

equipment, the Asian Joint Research Project for Early

Warning of Landslides has conducted a field survey to

support the installation of real-time landslide monitoring

equipment. A pilot area has been established in the

Banjarnegara Regency, Central Java Province. This moni-

toring system presents the results of real-time measurement

by using long-span extensometers, a raingauge, and pore

pressure sensors, with monitoring of the scene by IP camera.

The real-time monitoring equipment consists of outdoor and

indoor units. The outdoor unit is fixed on a center pole and

consists of a fieldserver, two extensometers, a raingauge, an

IP camera and water pressure sensor. The fieldserver is a

sensing device with a real-time online data display system

which gathers the data from multiple sensors and shows it in

a webserver.

Since 2012, a real-time landslide monitoring and early

warning has been developed by Universitas Gadjah Mada.

The system comprises several sensors: namely a digital

extensometer, wireless tiltmeter, inclinometer, Automatic

Rainfall Recorder (ARR), ultrasonic water level sensor and

an IP Camera, and other sensors can be added, such as pore

water pressure and inclinometer sensors.

Extensometers are used to measure any change in the

distance between two fixed points across the crack and are

attached to the soil slope to be monitored. The system adopts

the auto-monitoring and event trigger method. When the

variations occur, the signal of 1 mm displacement triggers

the transmitter and at the same time, the digital data with a

highly precise position is transmitted to the server. Figure 1

shows the installation of a wireless-digital extensometer.

A wireless tiltmeter is a compact, waterproof tilt meter

with a range of 0�–80� in X and Y axis from horizontal

(Fig. 2). It is used to monitor changes in the inclination of

an unstable slope. Tiltmeter data can provide an accurate

Digital
extensometer

Concrete 
foundation

RF antenna

PVC pipe

Reference anchor 
(fix point)

Wire

Crack

Fig. 1 The installation scheme for an extensometer
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history of slope inclination and provide early warning of a

potential landslide hazard. The system adopts the auto-

monitoring and event trigger method. When the variations

occur, the signal of 0.1� inclination triggers the transmitter

and at the same time, the digital data is transmitted to the

server.

The collected data from the extensometer, tiltmeter, ARR

and AWLR processed by microcontroller are sent point to

point in a wireless network. The data is received by a field

server; its functions are to receive, store, analyze and resend

data to the central server, and decide when to announce early

warnings to the local residents. The received data is then

stored in a digital storing media (memory card). The central

server consists of receiver equipment and a specific Personal

Computer (PC) to monitor data visually. The PC, which is

connected to the internet, will upload all the data to a web

server; therefore, the data can be monitored from any place

with internet access. Figure 3 shows a network diagram of a

telemetric system for real-time landslide monitoring and

early warning.

This real-time monitoring and early warning of landslides

and debris floods has been implemented at eight geothermal

areas in Sumatera, Java and Sulawesi Islands. This system

was developed based on cooperation between the Faculty of

Engineering Universitas Gadjah Mada and the Indonesian

State-owned Oil and Natural Gas Corporation. In order to

support this system installation, geological and geotechnical

investigations have been conducted to examine the level of

risk at the geothermal areas. Accordingly, several methods

of landslide preventive measures in term of control works

and restraint works were designed and applied to the high

risk slopes.

Information Flow and Command System
to Support a Landslide Monitoring
and Early Warning System

Based on long experience, landslide monitoring and early

warning systems should be based on the most appropriate

and adaptive technology, with the involvement of the

local authority and community participation. Therefore,

both technical and communication skills are the main

requirements to achieve success in an early warning system

program. The system should include some technical aspects

such as geological surveys and site selection, design of

monitoring equipment which is simple (low-cost) but

effective, determination of early warning levels (warning

criteria), installation, operation and maintenance at the

field site. Social aspects should include social mapping and

evaluation, public consultation and dissemination of a

program, and community empowerment, including the

technical training and evacuation drills for landslide hazard

preparedness (Karnawati et al. 2011a).

One of the most critical considerations in disaster risk

reduction in Indonesia is the assurance of an effective and

sustainable information flow (during warning level) and

order/command flow (for evacuation). The local disaster

management agency at district or provincial level acts as

the center of this monitoring and early warning system. The

role of universities and NGOs is to facilitate the stakeholders

involved in this information and command system. Figure 4

shows the information flow and command system to support

landslide monitoring and early warning.

The proposed model of landslide early warning has been

quite effective and strategic in improving community

resilience at landslide-vulnerable villages. It is also crucial

that the system should be developed through community

participation and the provision of simple and low-cost

technology up to real-time technology for early warning.

Discussion

The most adaptive and sustained landslide disaster risk

reduction in Indonesia requires a consistent strategy and

support from the government, universities, NGOs and

private sectors for the implementation of community-based

projects. However, there is still a gap and disconnection

between the institutional and strategic approaches to

disaster risk reduction which will affect the effectiveness

of community-based projects in landslide-prone areas.

Wireless 
Tiltmeter

Concrete 
foundation

Anchor
RF Antenna

Wooden/steel 
anchor

Fig. 2 The installation of a wireless tiltmeter
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Accordingly, the outcomes from community-based activities

remain isolated in time and locale, and are deprived of

higher-level resources and visibilities required to sustain

long-term risk reduction activities and spread capacities to

other communities.

The newly developed system facilitates a network of

sensors for monitoring and transmitting the hazard level to

the local authorities and local community by using the

sustained information flow and command system. The

sensor is designed by using real-time landslide monitoring

and early warning instruments, and also may involve human

sensors which comprise selected trained-people in the local

community, who have been dedicated in their commitment

for doing ground checking and sending reports related to

any observed warning signs of potential landslides. Their

understanding of the causes and landslide triggering

mechanisms is crucial to establishing appropriate concepts

and methods for landslide monitoring, determining warning

criteria for hazard prediction and risk assessment in the

region.

Repeater

Interface for real-time landslide 
monitoring data on PC/web

Sirene and Rotary Light 
as warning devices

PC-based monitoring 

Wireless Tiltmeter and controller

Automatic 
Rainfall Recorder 

Digital Extensometer 

Ultrasonic water 
level sensor

IP Cam and Wi-fi 

Field server for data 
acquisition and data 
loger and Receiver

Fig. 3 Network diagram of a telemetric system for real-time landslide monitoring and early warning
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Early Warning and Real-Time Slope Monitoring
Systems in West and East Malaysia

William H.T. Fung, Richard J. Kinsil, Suhaimi Jamaludin, and Sashi Krishnan

Abstract

This paper presents the application of slope safety warning systems on two slopes along

strategic roads in Malaysia. The systems are used as an alternative to further structural

reinforcement or remedial work. Their purpose is to provide long-term monitoring and

early warning to facilitate the understanding of slope behaviour, and to manage landslide

risk faced by road users. The first application is in West Malaysia. It is a slope cut that is

located at the 46th km of the Simpang Pulai—Kuala Berang Highway. The second case is an

embankment fill located at the 50.4th km of the Federal Road 500 between Penampang and

Tambunan of Sabah. The first slope has had a long history of continual slow deformation,

while the behaviour of the latter is closely linked with rainfall conditions. In view of the

distinct slope movement patterns, on-site instrumentation techniques are different, and

geodetic, geotechnical and hydrogeological monitoring techniques are utilised. As the slopes

are situated in mountainous terrain, unfavourable weather conditions and remoteness of the

sites pose serious challenges to the specification of lightning protection, power supply and

data communication systems. Although the on-site system components are site specific, they

are controlled by the same web-based instrumentation data management system. To allow

representative indices of slope instability to be used in the warning module of the systems,

diverse criteria are adopted. Apart from the conventional ones that make use of rainfall,

groundwater level and soil deformation/movement, for the slope in Perak, creeping as

described by landslide velocity is incorporated as a warning indicator. To reduce the

likelihood and consequences of catastrophic collapse, understanding of slope behaviour is

a pre-requisite. Such understanding is possible with systems that provide timely measure-

ment of actual slope performance, and an early warning for impending danger.
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Introduction

Conventionally, monitoring data from slope instrumentation

are taken manually on site using portable equipment. In

some projects where continuous data are required, automatic

devices are installed to capture the data. However, it is still

common to manually retrieve the data from the instruments.

In recent years, the instruments, and communication tech-

nology, have advanced considerably. Real-time continuous

slope monitoring systems have become feasible. Such

technologies have found growing importance in slope moni-

toring. In particular, they are extremely useful for slopes

where there is active movement and landslides are a hazard,

while the processes controlling the movement are not clear.

Real-time slope monitoring is a means for better understand-

ing of slope behaviour, and, just as importantly, used to give

early warning of impending danger.

This paper deals with the application of early warning and

real-time slope monitoring systems, or termed herein as

slope safety warning systems, in West and East Malaysia.

This has been applied on two slopes that have been of

concern. The first application is implemented on a slope

cut along the second East-West Coast Highway in West

Malaysia. It is located in Perak at the 46th km of the

Simpang Pulai—Kuala Berang Highway. The second case

is an old fill embankment slope located at the 50.4th km of

the Federal Road 500 between Penampang and Tambunan of

Sabah. The former slope cut has been moving since its

completion in 2004, while the behaviour of the latter is

closely linked with the rainfall conditions. The distinct

movement patterns prescribe specific instrumentation

techniques for their monitoring.

Slope Monitoring in West Malaysia

The slope cut on the second East-West Coast Highway, has

shown signs of stress since the completion of the highway in

2004. A series of remedial works were carried out, but this

could not inhibit the instability. The development of the

instability was detailed by Jamaludin et al. (2012) in con-

junction with the geological setting and landslide processes

operating at the site. A general view of the slope is presented

in Fig. 1. A large mass of ground has been activated, and

further remedial work is not economically justifiable without

a better understanding of the slope behaviour. The extent of

the unstable portion of the cut is approximately 150 m long

and 24–60 m high.

In the present situation where complete safety is excep-

tionally expensive, if not impossible, and the use of the

highway by the public is to be maintained, a risk manage-

ment approach would definitely help decision making. A key

element of the approach is the implementation of an early

warning and real-time slope monitoring system to provide

the authorities with timely actual measurements of slope

movement and advanced warning of impending danger.

Instrumentation Installed on a Continuously
Moving Slope

The continuous movement observed in the slope is too exten-

sive to be taken care by any conventional geotechnical instru-

mentation. Instead, geodetic monitoring using a robotic total

station has been put in place. It was based on the large defor-

mation observed with manual equipment during the construc-

tion stage. An additional advantage over other common

geotechnical sensors is that the instruments installed on the

slope are not of an electrical type that are vulnerable to light-

ning damage. The measurements are taken by a robotic total

station with laser beams. The monitoring is run by an

automated robotic total station, controlled by in-house software

suites for programming, and data acquisition and processing.

With respect to data communications, the remoteness and

adverse weather conditions preclude the use of conventional

mobile and wireless techniques. To provide reliable

Fig. 1 Overview of slope at 46th km, Simpang Pulai—Kuala Berang

Highway

Fig. 2 Layout of monitoring prisms
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communication and power systems, specially designed sat-

ellite communications and power systems were deployed.

Figure 2 presents the layout of the monitoring targets, while

the physical setup of the monitoring station at the site can be

seen in Fig. 3.

To permit the monitoring system to assume its role as a

slope safety warning system, the on-site components must be

integrated with a web-based instrumentation data manage-

ment system. An in-house product is used for this purpose.

Its core is a relational database system that runs on a geo-

graphic information system platform. This provides rapid

data retrieval/storage, processing, presentation, and diverse

automatic alert triggers. Fung et al. (2010) discussed details

of the operating software suites, and the instrumentation

installation.

Since the installation of the complete system at the end of

2009, the system has been running up to the present, which

provides valuable data to enable better comprehension of slope

performance. In addition to deformation monitoring, further

use of the data has been made to reduce the landslide risk.

Monitoring of Slope Movements and Their
Velocity

Prior to implementation of the current monitoring system, a

manual optical survey of the slope already indicated a total

slope movement>5 m at several locations, with a maximum

of 7 m from December 2007 to December 2009. This was

associated with the failure of a series of slope remedial

works. Since the current system was in place at the end of

2009, the slope has moved further by a maximum of 10 m, as

illustrated in Fig. 4. Emphasis is placed on the uppermost

target prisms located within the unstable slope cut, named

TP11 to TP51.

Jamaludin et al. (2008, 2012) have discussed the devel-

opment of the observed movement patterns of slopes in the

area, and suggested that the patterns follow the creep model

proposed by Varnes (1978). In essence, the model consists of

three stages: primary, secondary and tertiary creep. Primary

creep is associated with a high displacement rate, while a

quasi-static rate of movement occurs in the secondary creep

stage. The tertiary creep is associated with an increasing rate

of movement. Jamaludin et al. (2012) suggested that the

slope is currently in the secondary creep phase. As such,

monitoring should be continued until signs of tertiary creep

occur, when the rate of slope movement increases dramati-

cally. Indeed, the movement rate has formed a key part of the

warning system.

The rate of surface movement observed in concerned

target prisms is shown in Fig. 5. Except for TP21, the slope

movement stays in the Slow velocity class (Cruden and

Varnes 1996).

Figure 6 presents the results only within the Slow velocity

class. The slope movement rate patterns resemble those as

depicted by Leroueil et al. (1996) for active landslides in the

reactivated stage. It is considered that the recorded patterns

are related to minor local failures that have been seen on the

site.

Fig. 3 Setup of robotic total station (left), and antenna for satellite communications (right)

Fig. 4 Total slope displacement of uppermost prisms
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Warning Criteria Based on Movement Rate

Since completion of the slope cut on the highway in 2004,

continuous deformations have been observed. Moreover, the

slope deformations obtained from both manual and auto-

matic optical survey have been large. Conventional warning

criteria based on magnitude of movement alone are not

meaningful from the perspective of risk mitigation. As pre-

viously discussed, the creep model would be applicable for

describing the development of slope failure.

Catastrophic failure cannot be arrested. However, land-

slide risk for road users can be largely mitigated by

incorporating a pre-failure warning framework based on

slope movement rate into the monitoring system, as

suggested by Fung et al. (2010). Such a framework was

proposed by Jamaludin et al. (2012), and included in the

monitoring system. Towards accelerating creep, the move-

ment rate will be increasing, and high. Jamaludin et al.

(2012) suggested warning criteria for the failure phase of

the slope, based on different velocity threshold values,

adapted from those proposed by Cruden and Varnes (1996)

with due consideration of the measuring technique accuracy.

The criteria are summarised in Table 1.

The threshold levels have also been presented in Figs. 5

and 6. As shown, the slope has been very active, with

continuous movement, whereas the movement rate generally

stays below the first threshold.

Slope Monitoring in East Malaysia

The second slope is an embankment fill located along the

Federal Road 500, between Penampang and Tambunan of

Sabah. A general view of the slope is presented in Fig. 7. The

road is a strategic one and connects the lowland areas of the

west coast to the interior regions of Sabah. The stretch of the

road where the slope fill lies is constructed across the steep

slopes of the Crocker Range, which is dominated by sedi-

mentary rocks. As identified in the National Slope Master

Plan 2009–2023 (CKC 2009), the area is characterised as a

landslide-prone area. The occurrence of landslides along the

stretch is quite common during monsoons every year, in the

southwest and northeast directions.

Many of the slope fills along the mountainous stretch of

the road are old embankments. They usually block the natu-

ral drainage, and rely on post-construction man-made drain-

age to help discharge rainwater away from inside the fills. In

addition, surface runoff is another main cause of slope fail-

ure, as it allows rainwater to penetrate and percolate into the

slope face and weaken the soil due to high moisture. Surface

drainage and protection is necessary to maintain the slope

safety.

Although routine maintenance is in place, sign of stress,

such as surface cracks and displaced channels, have been

observed on the embankment fill, as shown in Fig. 8. To

facilitate the understanding of the fill embankment

behaviour, and provide an alert mechanism for road users

and the authorities about its stability, a safety monitoring

system is now operational.

This is an autonomous system that allows real-time auto-

matic recording of rainfall, groundwater level and slope

movement. It provides data availability in all weather

conditions, through the same web-based system. Most

importantly, alerts will be triggered automatically by the

system to provide early warnings to the authorities so that

preventive action can be taken accordingly.

Fig. 5 Velocity versus time plot

Fig. 6 Velocity versus time plot for activation of local failures

Table 1 Proposed warning criteria for movement rate

Alarm

level Velocity limit Proposed response

Level 1:

Normal

<3 mm/h

(72 mm/day)

Daily data monitoring by JKR staff

Level 2:

Advisory

3–9 mm/h

(216 mm/day)

Continuous monitoring, data

analysis and review, field

observation

Level 3:

Watch

9–18 mm/h

(432 mm/day)

Increase preparedness, continuous

data analysis, inform police/

preparedness team

Level 4:

Danger

>18 mm/h

(432 mm/day)

Continuous monitoring, decision to

be made (to evacuate/close the road)
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Instrumentation for an Intermittently Triggered
Slope Fill

Instrumentation based on geotechnical and hydrogeological

monitoring techniques is utilised to investigate the slope

behaviour and to provide early warning alert. The automatic

instruments include a rain gauge station, two sets of

piezometers, tiltmeters, and two manual inclinometers to

establish subsurface soil movements.

The system was operational in early March 2013 before

the approaching southwest monsoon (May to September).

As shown in Fig. 9, there have been five peaks up to mid-

June of the same year. The rolling 24-h rainfall exceeds the

first threshold level of 50 mm in 24 h for landslide warning

in April. As it will be highlighted, the rolling 24-h rainfall

has been found to be a useful indicator for landslide occur-

rence. For completeness, the recorded hourly rainfall is also

presented on Fig. 9.

A graph showing rainfall against water level is presented

in Fig. 10 for easy comparison. The change in water level

was not abrupt, except for the first rainstorm. It is also

interesting to note the corresponding slope movement during

the same period. As illustrated in Fig. 11, the slope was

activated whenever the rolling 24-h rainfall exceeded the

trigger levels.

Warning Criteria Based on Rainfall
and Movement

Brand et al. (1984) reported on the work for understanding of

the relationship between rainfall and man-made slope

failures in Hong Kong. The number of causalities was very

small unless the maximum hourly rainfall approached

Fig. 7 Panoramic view of embankment fill at Federal Road between

Penampang and Tambunan

Fig. 8 Surface cracks (inset showing a displaced channel)

Fig. 9 Graphs of hourly and rolling 24-h rainfall

Fig. 10 Rolling 24-h rainfall and groundwater level

Fig. 11 Rolling 24-h rainfall and slope movement
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70 mm/h. In addition, Brand et al. (1984) found that a

threshold rainfall of 175 mm in the preceding 24 h would

warrant the issue of a landslide warning. The current landslip

warning system in Hong Kong has gone further, as

summarised by Chan and Pun (2004). It is based on the

correlation between slope failure rate and maximum rolling

24-h rainfall. Its applicability to the present case may need

further justification. However, it is still worthwhile to follow

the approach, as rainfall-induced landslides are common in

both places. When, for example, the rain gauge records

rolling rainfall of more than 100 mm in 24 h, consultation

between concerned authorities should begin.

The original intent of tiltmeter installation was to provide

a triggering device for slope instability. However, as an

indicator for road maintenance, such as surface cracks and

damaged drainage channels, further use of the measured

parameters is made. Warning criteria for slope movement

as inferred from the tiltmeter measurements has been

adopted. In addition, similar criteria have been set for the

rise of water level to attract the attention of the authorities to

the change in the groundwater regime. Table 2 summarises

the proposed warning criteria for the site.

Web-Based Data Management System

The data collected on site are managed by the same web-

based data management system. An individual system was

prepared for each site and installed in the Public Works

Departments of the federal and Sabah governments in

Kuala Lumpur and Kota Kinabalu, respectively. The system

is accessible to authorised users as a web service through the

client software. It is important to note that the data of

different nature are coming from geodetic, geotechnical

and hydrogeological instrumentation, but they are directly

handled by the same system. The system is a complete

information hub that can manage projects gathering data of

different types and analyse them together. This is particu-

larly important for handling large-scale projects or manag-

ing several project sites with the same hub.

Summary and Conclusions

To reduce the likelihood and consequences of cata-

strophic collapse, understanding of slope behaviour is a

pre-requisite. Such understanding is important to the two

reported cases where the slope movement may not be

stopped or it is not justifiable economically to construct

civil engineering works to arrest it. As the slopes are part

of the strategic roads, a risk management approach must

be adopted to mitigate the risk faced by road users, and

help the authorities make decisions.

Nowadays, instrumentation and computer information

technologies have advanced considerably. Such

technologies have found their growing importance in

real-time slope monitoring. By incorporating appropriate

slope activity models into the monitoring system, the

measurement of slope performance and hydrogeological

conditions will provide more insight into the underlying

slope behaviour.

Just as importantly, the system permits threshold

levels for different slope performance indices to be

predefined and refined in the system as advanced warning

criteria. Apart from conventional criteria making use of

rainfall, groundwater levels and soil deformation/move-

ment, landslide velocity is used as a warning indicator. In

the end, the system becomes a slope safety monitoring

system as well as a risk management tool, which provides

real-time slope monitoring and early warning services.
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A National Warning System for Rainfall-Induced
Landslides in Slovenia

Marko Komac, Jasna Šinigoj, and Mateja Jemec Auflič

Abstract

In Slovenia intense short and less intense long-duration rainfall is a primary cause of

shallow landslides that some estimates put at 10,000, or approximately one landslide per

two square kilometres. These events impose a huge burden on local and state budgets,

occasionally even taking lives. At least part of the damage (and the loss of lives) could be

prevented with a reliable near real-time landslide hazard forecast system that would

continuously draw from three data/model pillars: the precipitation forecast model, the

landslide susceptibility model and the rainfall triggering values for landslide occurrence.

Each of the three pillars brings some uncertainty to the landslide hazard forecast. A project

was set up to forecast the possible occurrence of rainfall-induced landslides in Slovenia

(acronym “Masprem”), tackling all three pillars, but focusing primarily on the rainfall

triggering values. With the goal of an automated near real-time landslide hazard forecast

that will eventually be promptly available online to the general public, the challenges of

precipitation forecast data conversion and transfer between two servers, continuous fore-

cast model development and serving the intermediate forecast results on the web were dealt

with. The project set up a challenging task, to model the landslide hazard through time for

the whole of Slovenia at a coarser scale and to model the same hazard for selected

municipalities at a more detailed scale. The results and lessons learned will be presented

in this paper.

Keywords

Landslide hazard � Early warning system � Rainfall � Slovenia

Introduction

Rainfall-induced landslides are the most frequent landslides

in Slovenia. To tackle the problem from a prevention aspect,

the project “Masprem” was financed by the Slovenian

disaster relief office at the Ministry for defence.

The concept of the landslide hazard forecasting and warn-

ing system is based on three pillars—the landslide

susceptibility model, the precipitation forecast and the trig-

gering values related to specific rocks/soils. While the first

and the last are in the domain of geologists (and hence

governed by the quality of geological data) the middle one

is derived from the meteorological forecast models and is

subject to weather modelling. As such it falls in the domain

of atmospheric and hydraulic sciences. As to the landslide

susceptibility and landslide rainfall triggering threshold

modelling, there has been extensive research in the past in

the area of Slovenia (Komac 2005, 2006, 2012; Komac and

Ribičič 2006; Jemec Auflič and Komac 2011b; Žibret et al.

2012). Each of the three pillars has embedded uncertainties

that individually and jointly pose big challenges for

forecasting prediction accuracy. One of the goals of the
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project was also to assess the sources of these uncertainties

and to propose future steps to minimise them.

Study Area and the Data Used

The warning system was developed for the whole of

Slovenia, which spreads over 20,000 km2. The elevation of

Slovenian territory ranges from 0 to 2,864 m a.s.l., where the

mountainous areas dominate in the western part of the coun-

try (Alps). Elevations gradually drop towards the eastern

part of the country (Panonnian Basin) and with it also the

terrain roughness gradually diminishes. The average annual

precipitation ranges from below 900 mm in the eastern parts

of the country to over 3,200 mm in the north-western parts

(ARSO 2013). The precipitation peaks coincide with the

Alpine area and the minimums with the eastern-laying plains

and the southern coast. Wetter parts of Slovenia may occa-

sionally have more than 1,400 mm of precipitation in 1

month (ARSO 2006) or even 510 mm in 1 day (ARSO

2013). In one of such event on 17th Nov 2000, a landslide

occurred that in its second stage transformed into a

devastating debris-flow, which killed seven people in the

village of Log pod Mangartom (Mikoš et al. 2007).

Slovenian geology is very variable and consequentially

landslides occur in almost all parts of the country. As

rainfall-induced landslides prevail in Slovenia, the relation

between the triggering threshold values of rainfall and the

occurrence of landslides in a specific rock/soil needed to be

assessed in order to relate the landslide susceptibility and

precipitation models.

The original landslide susceptibility model was developed

in GIS with a pixel resolution of 25 m (Komac and Ribičič

2006), while the updated version had a pixel resolution of

12.5 m. According to the later model (Komac et al. 2011)

almost 30 % of the Slovenian terrain is susceptible to

landsliding. Triggering values were calculated for the whole

of Slovenia (Komac 2005) and for three separate storms, in

2007, 2010 and 2012 that had local effects (Jemec Auflič and

Komac 2011a, b; Jemec Auflič et al. 2013; Komac and Jemec

Auflič 2013). The precipitation data is acquired on a daily

basis from the Environmental Agency of the Republic of

Slovenia (EARS) via the FTP protocol (Komac et al. 2013).

To validate the final landslide hazard prediction models, the

precipitation data for the period 28th October to 5th Novem-

ber 2012 were acquired from the archive of the EARS. Unfor-

tunately, no earlier data exists, so the validation for a longer

period of antecedent rainfall was not possible.

What also needs to be emphasised at this point is that the

uncertainties related to the three types of input data are to

some extent different. For the input data involved in the final

landslide hazard forecasting system, an approach was

adopted in which landslide susceptibility model and

triggering values data were treated as static components

and the precipitation forecast data as a dynamic component

of the system.

Methods

The conceptual diagram of the landslide hazard forecasting

system is shown in Fig. 1. The three components that repre-

sent the three pillars of the landslide hazard forecasting

system are denoted with an asterisk. As it is shown in

Fig. 1, each final landslide forecast model is derived in two

steps. First the landslide triggering probability due to precip-

itation (PLTR) is calculated by combining the forecasted (and

ideally nowcasted) precipitation (RF) and the spatially

related triggering values. In the second step the landslide

susceptibility (LSS) is combined with the landslide trigger-

ing probability due to rainfall (PLTR). The result is the

landslide hazard forecast probability (PLSH) model.

The three input models were combined using the following

statements:

IF (([forecasted precipitation value] + [antecedent rainfall

value D0 (nowcasted value)]) > [rainfall triggering value

D0]) OR (([forecasted precipitation value] + [antecedent

rainfall value D2 (nowcasted value)]) > [rainfall triggering

value D2]) OR (([forecasted precipitation value] + [anteced-

ent rainfall value D5 (nowcasted value)]). . .) > [rainfall trig-

gering value D5]. . .

AND landslide susceptibility value½ � ¼ 1� 5

THEN

forecasted landslide hazard value½ � ¼ 1� 5:
ð1Þ

The focus will be on presenting the final steps of the

derivation of the landslide hazard forecast model, while

methods of deriving the three pillars, being an important

part of the system, will be briefly described below, followed

by a more detailed description of the two steps for deriving

the landslide hazard forecast model.

The landslide susceptibility model was adopted from

Komac et al. (2011), where the model values were classified

into six classes—none/negligible (0), very low (1), low (2),

moderate (3), high (4), and very high (5), where for each cell

(x, y) the susceptibility could be described as LSS (x, y).

Triggering values were derived from two separate

approaches. In the first an overlay of 29 different engineer-

ing geological units (rock/soil types) and the data on maxi-

mum 24-h precipitation with the return period of 100 years

(ten classes of intensities; class span was 30 mm) was

performed and the number of landslides statistically com-

pared against the size of these unique areas. The second

approach was adopted from Komac and Jemec Auflič

(2013) and was rainfall-event oriented. Here analyses of
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the landslide triggering values were compared against the

landslide occurrence and its duration. The main question

was what amount of rainfall in relation to duration saturates

rock/soil to the point of triggering the landslide?

Different authors used different periods of antecedent

rainfall; Kim et al. (1992) used a 3-day period, Crozier

(1999) and Glade et al. (2000) used a 10-day period, and

Aleotti (2004) chose 7, 10, and 15 days, Chleborad (2003)

divided an 18-day period into a 3-day rainfall event with 15

days of antecedent rainfall. For this research, the average

daily rainfall amounts on the day of the landslide event and

for 2, 5, 10, 15, 20, 25 and 30 days prior to the landslide

occurrence were analysed for every rock/soil type to assess

the amount of rainfall that represents the threshold for the

landsliding process to start. The landslide hazard forecasting

system will check whether the cumulative amount of fore-

casted precipitation and already fallen rain exceeds the

threshold values each time it calculates the forecast and

based on this information the system will predict the land-

slide hazard.

Table 1 shows examples of the analyses results of the

triggering values for 24-h (minimum and maximum trigger-

ing values) and for 48-h rainfall, and the average daily

precipitation according to the duration of the considered

antecedent period (D0—day of the event; D2—average of

the last 2 days prior to the landslide event, etc.) for some of

the rock/soil types (out of 29 altogether). All values of

rainfall are given in mm.

The rainfall forecast models for the 24-h period (Aladin-

SI) were (and still are) calculated at the EARS and the

methods for deriving these models are beyond of the scope

of this paper and hence won’t be presented here.

To account for the potential error in the triggering

thresholds gradual transition between the rainfall values

below which the landslide triggering probability due to

rainfall (PLTR) is negligible and the landslide triggering

threshold (above which landslides occur with much higher

probability) the fuzzy logic (Zadeh 1965) approach was

used. A similar approach has been proposed by White et al.

(1996). Below a certain value (RTmin) the probability (mem-

bership value) of the event triggering is (almost) none (0 %

or 0), while above a certain value (RTmax) the probability of

the event triggering is (almost) certain (100 % or 1). In

between the two values, the probability of triggering rises

from 0 to 1, depending upon the membership function that

defines the transition. The difference between the RTmin and

RTmax was set to 30 mm to account for the classification

error. For each location (cell) x, y it can be stated that:

IF Rsum x;yð Þ>RTmax

�
x,y

�
THEN PLTR ¼ 1 OR

IF Rsum x;yð Þ<RTmin

�
x,y

�
THEN PLTR ¼ 0 OR

IF RTmin
x;yð Þ�Rsum

�
x,y

��RTmax

�
x,y

�
THEN PLTR ¼

�
0,1

�
,

ð2Þ

and Rsum x;yð Þ¼RF x;yð ÞþRA x;yð Þ: ð3Þ

The RA(x, y) is the cumulative amount of the antecedent

rainfall in D days (D ¼ 0–t) prior the potential landslide

occurrence for the cell x, y, where the amount for a specific

day represents the rainfall for the 24-h period starting at

midnight UTC for the previous day. The RF(x, y) represents
the forecasted rainfall amount for the cell x, y and it was

acquired from the Aladin-SI models, and PLTR represents the

landslide triggering probability due to rainfall. The gradual

transition (membership function) between membership

values was linear and was defined as:

PLTR x;yð Þ��RTmin

�
x,y

��Rsum

�
x,y

��RTmax

�
x,y

���¼�
Rsum x;yð Þ�RTmax

�
x,y

�þ30
�
=30:

ð4Þ

Eight models were produced, one for every day that

preceded the major triggering event on 5th Nov 2012. Each

of the models cumulatively comprised the rainfall amounts

Fig. 1 Conceptual model for modelling the landslide (LS) hazard

forecasting system
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for the whole period, from including 1 day prior to the event

to the day prior to the event that it was calculated for (i.e.

model for the fifth day prior to the event included cumulative

amounts of precipitation for all 5 days prior to the event,

except for the precipitation on the day of the event). At the

time of the testing these amounts represented a simulated in-

situ situation and will be in the future derived from the

systematically calculated daily models prepared at EARS.

In addition to this cumulative amount of the actual rainfall, a

forecasted value (rainfall amount; RF) was added from the

Aladin-SI model, as it would be when the landslide hazard

forecasting system will be fully operational. According to

(2) and (4), calculated values of the triggering probability

between RTmin and RTmax ranged continuously from 0 to 1

and were for further steps rounded to the first decimal and

hence classified into 11 different values (0, 0.1, 0.2 . . . 1).

Next the landslide triggering probability due to rainfall

(PLTR) was calculated, the forecasted landslide hazard prob-

ability at a given cell PLSH(x, y) in a given period (0, t;

t ¼ 1–8 days) was calculated using the following equation:

PLSH x; yð Þ o; tð Þ ¼ PLTR x; yð Þ o; tð Þ � LSS x; yð Þ: ð5Þ

The matrix of all PLSH(x, y) combinations is shown in

Table 2. After the classification of the PLSH(x, y) values, the

discrete values ranged from 1 to 5 and the pertinent

descriptions were assigned to them; very low for 1 (values

0–1), low for 2 (values 1–2), moderate for 3 (values 2–3),

high for 4 (values 3–4), and very high for 5 (values 4–5).

The quality of the forecasted landslide hazard probability

prediction (PLSH) was tested only for the 8 days period prior

to the major landslide event (t ¼ 0, 8 days) that occurred on

5th November 2012, as no earlier precipitation data was

available. Figure 2 shows the landslide hazard probability

prediction model for 5th Nov 2012, based on the input model

for the 8-days precipitation period (PLTR for 8 days).

All eight developed landslide hazard probability models

were overlaid with the 352 landslides that occurred on the

same day (5th November 2013) and the membership to all

five hazard probability classes (plus additional hazard prob-

ability class) of the PLSH models was assessed.

Results and Discussion

As expected, the landslide triggering analysis results in

Table 1 show the increase of threshold as the duration of

the considered antecedent period shortens. The values of the

rainfall on the day of the landslide event (column D0 in

Table 1) are lower than the statistically derived triggering

values for a 24-h period (column 24-h min in Table 1), on

average three times.

The cross analysis of the distribution of landslides that

occurred on 5th November 2012 with the six hazard proba-

bility classes of the eight PLSH models showed that the best

prediction results were achieved with models that included

the longer period of antecedent rainfall, namely the models

for 7 and 8 days prior to the event. Still, in all models 35

Table 1 Analyses results of the triggering values for some of the analysed rock/soil types (Rock/soil) for the 24-h (24-h min—minimum; 24-

h max—maximum triggering values) and 48-h rainfall (48-h), and the average daily precipitation according to the duration of the considered

antecedent period (D0—day of the event; D2—average of the last 2 days prior to the landslide event. . . D30—average of the last 30 days prior to

the landslide event)

# Rock/soil 24-h min 24-h max 48-h D30 D25 D20 D15 D10 D5 D2 D0

1 Mainly clayey soils 90 120 – 4.3 4.9 5.7 7.5 11.3 10.2 25.6 47

5 Gravely soils with clay component 150 180 150–180 7.2 8.2 8.5 9.6 11.7 7.4 16.3 65.6

6 Scree deposits, glacigenic diamics 210 240 270–300 7.2 7.4 8.0 9.3 10.8 13.1 25.5 56.0

13 Alternation of different soft rocks 60 90 <150 6.7 7.7 8.3 9.7 12.5 14.5 27.5 44.4

15 Shales with other rocks 90 150 <150 8.2 9.6 10.4 12.0 15.3 18.6 33.3 55.5

22 Limestones with marls 60 150 <150 6.2 6.6 7.3 8.7 11.0 12.3 29.4 41.5

27 Keratophyre, diabases. . . 60 150 <150 7.6 8.5 9.4 10.0 11.2 13.8 21.9 77.6

Table 2 The condition matrix of all possible combinations of the

landslide triggering probability due to rainfall (PLTR) and the landslide

susceptibility (LSS), the first being presented in the first columns and

the second being presented in the first row

PLTR\LSS 1 2 3 4 5

0 (0) 0 0 0 0 0

1 (0–0.1) 0.1 0.2 0.3 0.4 0.5

2 (0.1–0.2) 0.2 0.4 0.6 0.8 1

3 (0.2–0.3) 0.3 0.6 0.9 1.2 1.5

4 (0.3–0.4) 0.4 0.8 1.2 1.6 2

5 (0.4–0.5) 0.5 1 1.5 2 2.5

6 (0.5–0.6) 0.6 1.2 1.8 2.4 3

7 (0.6–0.7) 0.7 1.4 2.1 2.8 3.5

8 (0.7–0.8) 0.8 1.6 2.4 3.2 4

9 (0.8–0.9) 0.9 1.8 2.7 3.6 4.5

10 (0.9–1) 1 2 3 4 5
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(9.9 %) landslides occurred in areas where they shouldn’t
occur. This error is most likely a result of the generalisation

of the digital elevation model and/or the geological map.

Landslide Warning System

After the calculation of the most plausible landslide hazard

probability model, this has to be relayed to the end-user,

whether the decision makers or general public. The most

suitable tool for communication is the internet and for this

purpose an interface/module was developed using open

source software. Programming was performed in Java and

the results were transformed into the Web Map Service

standard, used for displaying GIS related raster images/

data, and put on the internet via web application.

Conclusions

The development of a landslide hazard probability model

based on the combination of landslide susceptibility

properties and the landslide triggering probability due to

rainfall was presented. Such an effort represents a huge

challenge from both the research and technical aspects.

Significant progress has been made in the area of

minimising input data uncertainties, yet much of this

goal still remains to be tackled in future endeavours.

The landslide susceptibility model has the lowest

uncertainty; the rainfall triggering values have limited

(a band) uncertainty that is related to the fuzzy transition

between the stable and the unstable state of the slope/

material. The highest embedded uncertainty is in the

precipitation forecast data and this is reflected also in

the probability models derived from these data.

Inclusion of nowcasting in the forecasting models

could considerably improve the landslide hazard warning

system, hence much work for the system optimisation is

still needed. This aspect will be dealt with in future

system calibrations.
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padavin (in Slovene). Geological Survey of Slovenia, Ljubljana, 27

p, ISBN unknown
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Monitoring of Critical Himalayan Landslides
and Design of Preventive Measures

Kishor Kumar, Pulikanti Subramanya Prasad, Anil Kathait, and Indervir Negi

Abstract

The entire Himalayan road network suffers extensive damage from a large number of

landslides of different shapes and sizes. A large number of landslides on each highway have

occurred repeatedly during every year for many decades, causing extensive risk to life of

commuters, loss of revenue from direct and indirect losses and hardship for the people, thus

influencing the socio-economic conditions of the region. One of the important highways of

the country, which connects the north western Himalayan state of Uttarakhand to rest of the

country, suffers from large numbers of such landslides. Two of the most critical landslides

have been selected as pacesetter examples for investigation, monitoring and prevention.

These two landslides have been monitored using a very simple system consisting of

specially designed grooved steel pedestals, total station and DGPS (Differential Global

Positioning System). The results of monitoring have encouraged utilising the same system

for other Himalayan landslides of a recurring nature instead of investing in heavy-duty,

costly and sophisticated instrumentation. This paper gives a detailed account of two

landslides and the monitoring processes followed in a scheme of remedial measures for

their long-term prevention.
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Introduction

The Himalaya, the most impressive and fascinating mountain

chain in the world belongs to all human beings because of its

divine connection with the whole of the world. Its peculiar

geo-environmental characteristics, its varied flora and fauna

with high medicinal values, its dynamic geological history,

high mountains, glaciers, holy rivers, and active denudation

processes make it a fragile land mass. The Himalaya region is

often in news because of repeated disastrous events. We often

blame its fragile geo-environmental setup for these repeated

disasters and not the humans who invade onto its sensitive

natural setting through their unmindful development. The

construction of roads and highways is one such activity

which can be held responsible for repeated devastation due

to landslides on and off the roads.

All the hilly states in Himalayan region are severely

affected by road construction. On an average every

kilometre of road has at least two landslides and Himalayan

roads extend over 60,000 km. Every rainy season brings a

series of new landslides and also recurrence of old ones,

leaving trails of devastation each time they occur. There is

no warning required in the areas that experience landslides

because they are a regular phenomenon during every rainy

season. However, it is a common practice to react after

the disaster rather than taking a proactive approach to pre-

disaster planning. By following the normally accepted

practice, the country losses many lives and a huge sum of

revenue while only partly restoring the works. As a result,
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the communications routes, which are the essential life lines

during any disaster, may be blocked during much required

rescue and rehabilitation efforts.

The high intensity cloudbursts that led to the flash floods

on June 15 to June 18, 2013, in many part of the north

western Himalayan region were unprecedented. According

to the official estimates around 5,000 plus people have been

killed and property worth 488 million dollars has been

destroyed. It was observed that older critical landslides

which had been left unattended together with newly

generated landslides, caused great hindrance in the rescue

and rehabilitation process. There are a number of such

landslides on various highways of the country, which need

to be remediated and their behaviour continuously

monitored. In this paper, two of such landslides, the

Kaliasaur and Patalganga landslides (Fig. 1) which are

over five decades old, are discussed to showcase examples

of cost-effective and accurate monitoring for an early

warning of landslides which could be affordable for all the

landslides.

Kaliasaur Landslide

The Kaliasaur slide extends for 100 m along the highway,

353 m up to the active crown and 152 m up to the toe,

covering an area of 50,500 m2. The historical records of

this landslide since 1920 have widely been published

(Bhandari 1987; Kumar et al. 2008; Kimothi et al. 2010;

CRRI 2010; Kumar et al. 2011a, b, 2012, 2013; Negi et al.

2012). Though, landsliding has recurred during every rainy

season, larger magnitude sliding occurred in the years 1969,

1984, 2010 and 2013. In 2010, the slide blocked the highway

intermittently for about 5 months. The loss of at least two

human lives was reported. The extra cost of the use of

alternate routes by the small and heavy vehicles is estimated

as 16.4 million (approx.) Indian rupees, only for detouring

during the 45 days of blockage, not to mention other

financial losses. There is a lack of records on losses incurred,

however, the records of sliding and road blockage over last

five decades indicate a huge sum of revenue lost, to the tune

of several hundred billion Indian rupees spent on repeated

partial restoration.

The morphological changes on the slope of the slide,

particularly since 1984, indicate that it was retrogressive

until 2008, and thereafter transformed into a progressive

mode. The slope material consists of quartzite, metavolcanic

and slate rocks of moderate to highly fragile nature. The

quartzite rocks are highly crushed in the cliff area and form

gouge material. The extent of fracturing is probably due to an

active tectonic past (CRRI 2010). Topographic expressions of

faults are observed all through the landslide. North Almora

thrust separates the Chandpur phyllites from the Quartzites

(Singh and Goel 1999) located adjacent to this area, while

Kaliasaur fault and many other minor faults are located within

or across the landslide boundary (CRRI 2010). The alterna-

tion of slate and intrusions of metavolcanic rocks with the

jointed quartzite have also played a major role in continuous

sliding. The softer slate and metavolcanic rocks quickly

weather and erode, while jointed quartzite blocks lose support

and subsequently fail. During the dry season, the slide has a

quiet and stable slope because the debris material on the slope

becomes very hard, while during rains it becomes saturated

and flows down, leaving numerous deep rills and gullies on

the slope. These gullies subsequently become deeper and

scoured due to increasing water flow during heavy rain and

on failing form numerous small scars on the slope. This

process was earlier confined within the slide boundary and

crown area, but now all through boundary such gullies and

scars are visible.

Fig. 1 The Kaliasaur and Patalganga landslides and their location on NH-58
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Monitoring Outcomes

The landslide is still active and causes considerable damage

to the highway and risk to commuters. To measure the

movement of the landslide, 75 specially designed steel

pedestals have been installed in preselected locations within

the slide body and adjacent area. Their original position was

recorded using DGPS (Differential Global Positioning

System) and TS (Total Station). Subsequent monitoring

with DGPS and TS was carried out. It was noticed that the

pedestals installed within the slide boundary did not move

much except at a few locations. These locations were on the

loose debris mass, and rest of the pedestals that have shown

movement were located near and around the crown,

indicating movement only above the crown (CRRI 2010).

Out of 75 pedestals, only a few have shown a significant

amount of movement (Fig. 2 and Table 1). The maximum

movement in the landslide recorded was 3.78 m and

minimum is 0.73 m (after three sessions of monitoring).

Monitoring results, when matched with field conditions,

indicated surficial movement from the crown part. These

results coincide with the activity of the slide observed

mostly from above the crown area. At that stage sufficient

warning was passed on to take immediate measures before

the coming monsoon season.

Unfortunately, the measures could not be taken and the

slide was reactivated in the month of July-September 2010,

resulting in damage to the road and intermittently sliding for

5 months, including the loss of several lives.

Remedial Measure Suggested Before
Reactivation

The historical background of the landslide indicated the

initial triggering factor was intense toe erosion during the

rainy season by the river Alaknanda. As a usual practice,

after every landslide incident and damage to the highway,

the same restoration work was carried out; instead of

strengthening the downhill side slope the uphill slope was

cut. This practice was repeated almost every time the road

was damaged. At present, the cutting of the toe by the river

has become irrelevant because the height of the road has

increased many times more than during its initial

construction. The crown part is now the main component

which slides every time the heavy rain falls. And, every time

huge debris slides are generated and damage the road.

Therefore, the first priority to prevent the slide is by

stabilizing the unstable slope. But due to the exorbitant

cost, as well as difficulty in implementing the measures,

measures have been proposed that, instead of preventing

slides, protect the road from damage to avoid repeated

cutting of the uphill slope. This could have resulted in

stabilizing the entire slope in subsequent times. In view of

that, the following measures have been suggested, shown in

Fig. 3 (CRRI 2010):

1. To cover the slope at the crest part with a steel rope net of

aperture size 300 mm � 300 mm to prevent material

from sliding, rolling or falling on the slope downhill.

2. Rockfall barriers/gabion walls have been proposed to

collect the boulders coming through the steel rope net.

3. In addition, it was proposed to compact the slide debris on

the slope in-situ along with steeped gabion walls of

2 m/1.5 m/1 m with an option of drainage.

4. A similar gabion structure was to be applied for the toe to

the road level.
Fig. 2 Pedestals showing significant displacement after monitoring

result

Table 1 Pedestals showing significant displacement on the slope

Pedestal

No.

Initial

position

Second position/

Displacement (m)

Third position/

Displacement (m)

Kn 2 899.23 897.51/1.72 895.58/1.93

Kn 3 902.59 900.86/1.73 899.34/1.52

Kp 11 669.21 667.52/1.69 666.09/1.43

Kn 13 658.75 657.57/1.18 656.19/1.38

Kn 16 658.67 657.53/1.14 656.58/0.95

Kn 19 662.52 660.65/1.87 659.17/1.48

Kp 21 819.90 818.12/1.78 816.12/2.00

Kn 23 640.28 638.80/1.48 637.11/1.69

Kn 26 656.05 654.44/1.61 653.03/1.41

Kn 28 653.45 652.68/0.77 651.71/0.97

Kp 29 818.56 816.89/1.67 815.41/1.48

Kp 32 705.91 704.17/1.74 702.22/1.95
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Patalganga Landslide

Patalganga is a moderate landslide, located at 460.2 km on

NH-58, on the right bank of Patalganga River. It extended

for about 390 m in length and 320 m in width covering an

area of 79,370 m2. In the year 2005 it advanced to 457 m in

length, 338 m in width and in area 109,121 m2 (CRRI 2012).

The slope material of the landslide area is composed of

recent sediments, largely assorted moraine with a steep

slope angle (80�–90�). The flash flood of July 1970 in

Patalganga and subsequently in the Alaknanda River,

which caused loss of life and property of an unprecedented

magnitude, was a rare catastrophe for the Himalayan region

(Bhandari 2003). It was during this catastrophic event this

slide was developed at a location of a small hamlet, which

was completely washed away. Since then the landslide has

occurred repeatedly during every monsoon. At the toe of the

slide there is a narrow gorge over which a bridge connects

the NH-58. The slide has the potential to block the narrow

gorge and form a artificial dam which on breaching may

wash away the bridge and recreate the historical flash flood

conditions of 1970. The landslide blocked the River

Alaknanda, forming a 45 m high dam within a very short

span of time. On breaching, the dam created havoc,

destroying everything in its path for 100 km downstream

of Alaknanda. In view of this, the slide was assigned for

monitoring. The recurrence, although of low magnitude,

reminded the public about the 1970 tragedy when

Patalganga was blocked at a narrow constriction and became

the cause of the fateful event of 1970.

Monitoring Outcomes

In the year 2008, 65 specially designed steel pedestals were

installed in the landslide body and their original position was

fixed using DGPS (Differential Global Positioning System).

The pedestals were monitored before and after the monsoon

seasons to find out the degree of displacement. The slide was

monitored three times. The movement of the pedestals is

attributed to the movement of the blocks (formed by

dilatational and shear fractures in the main body) resting

on the slip surfaces on which pedestals were installed.

Monitoring of Patalganga landslide shows that it has a

shallow kind of movement. Current monitoring of the slide

reveals that the movement ranges from 0.31 to 8.68 m (Fig. 4

and Table 2). Movement of lower magnitude has been

observed in the upper parts of the landslide area, whereas

higher magnitude movement has been recorded in the lower

parts of landslide area.

It shows that erosion occurs in the landslide toe parts

during rainy season. Most of the movement of the pedestals

trends towards SW and WNW directions.

Fig. 3 A scheme of remedial measures for stabilisation of slope
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Remedial Measures

As indicated in Fig. 5, a scheme of remedial measures for

Patalganga landslide has been suggested. Soil nailing for a

height of 5 m at the crown portion of the slide and a 4-m high

gabion at the toe of the slide to prevent erosion and

meandering of the Patalganga River were designed and

suggested (Fig. 5). Provision for benches in the middle

portion of the slide was also made.

To prevent rills and gullies, longitudinal and transverse

drains were suggested to collect surface runoff. The stability

analysis of landslide after incorporating remedial measures

was carried out under limit equilibrium conditions by using

GEO5 software. The Factor of Safety was rechecked as 1.23.

Conclusion

Monitoring of landslides for early warning is a challenging

area, and costly in terms of involving high precision

technology and skill. However, this paper highlights cost-

effective ways of monitoring the critical landslides which

generally become reactivated during rains. Though, early

warning may not be given in hours, the continuous

monitoring results are useful in predicting the magnitude

of sliding during the rains, as it has been for the described

landslides.
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Geotechnologies for Surveys and Catastrophic
Events of Rio de Janeiro Geological Survey: A Case
Study

Tiago Marino, Francisco Dourado, Claudio Amaral, and Jorge Xavier-da-Silva

Abstract

Automatic collection of field data enhances task speed and reduces the number of database

input errors. The Geological Survey of Rio de Janeiro (DRM-RJ) has accumulated a large

volume of information regarding mass movements in the state during recent years. A huge

volume of surveys are requested by the Municipal and State Civil Defenses, generating an

even larger amount of reports, photographs, sketches and other documents associated with

these field activities every year. In recent years, the volume has significantly increased as a

result of major disasters that occurred in the state (in Angra dos Reis, the Morro do Bumba

in Niterói and a “Megadisaster” in Mountain Region) which demanded thousands of

surveys. Resulting from technical cooperation between the DRM-RJ, State University of

Rio de Janeiro, Federal University of Rio de Janeiro and the Federal Rural University of

Rio de Janeiro, a data management system related to the geological risk of the Rio de

Janeiro State was developed to support field teams and bring more practicality and organi-

zation during field assessment activities. The system consists of the assemblage of a

georeferenced database to organize field-collected data related to mass movement

assessments. The GIS VICON/SAGA—Vigilance and Control (http://www.viconsaga.

com.br) was designated to support this database. It provides interfaces for data collection,

querying, filtering, and report and map generation. The database was structured to store the

event location, measure susceptible or affected areas, retrieve information such as number

of people affected or killed, and buildings affected or destroyed by mass movements. GIS

brings two specific interfaces for data input: from a PC, using web browsers or from the

field, using mobile devices, on an Android OS application. For information retrieving,

some interfaces were developed, such as a query system for alphanumeric-tabular reports

and for other spatial query procedures for map generation.
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Introduction

Information is the most valuable resource during emergencies

and disasters. It is the basis for coordination and decision

making during the emergency response. It is an essential

aspect of an organization’s ability to gain (or lose) visibility

and credibility and has a powerful impact on how national and

international resources are mobilized. Above all, information

is necessary for providing rapid and effective assistance to

those affected by a disaster. It is also essential for after-actions

analysis, evaluation, and lessons learned.

An emergency response activity usually involves several

teams from different organizations working cooperatively to

save lives or properties. These teams have to make many

decisions under time pressure to accomplish their goals.

Most decisions require contextual knowledge coming from

the emergency settings, including those which report emer-

gency teams’ field surveys.

This work proposes a mobile device platform which

allows different field agents filling out structured forms,

enriched by multimedia content, during their surveys. All

data gathered can be uploaded direct from the site, in real-

time, through telecommunication network (or Wi-Fi)

technologies (Cordeiro et al. 2011). The platform also

provides a backup data storage mechanism whenever con-

nection is not available, for later uploads.

This platform development was based in a technical

cooperation between field surveys experts from Geological

Survey of Rio de Janeiro (DRM/RJ) and State University of

Rio de Janeiro (UERJ) and Geographical Information

Systems (GIS) researchers from the Federal University of

Rio de Janeiro Geoprocessing Laboratory.

Although other initiatives exist to address this problem

(such as ESRI ArcGISTM for Mobile), unlike commercial

applications, VICON/SAGA consists of a freeware and flex-

ible tool, fully customized for disaster relief needs, built and

improved by people with specific demands who face differ-

ent disasters situations and have years of experience. The

platform is currently running and available at VICON/

SAGA website (http://www.viconsaga.com.br).

Motivation from a Case Study

This case study presents a real situation experienced during

routine activities in assessments of areas with slips where the

collected data, as well as multimedia information, must be

recorded and later organized into a Geographical Informa-

tion System (GIS). From the difficulties found during this

process, the group has identified an opportunity to enhance

and improve the process through adoption of information

technology during data-gathering activities.

Specialists from the Geological Survey of Rio de Janeiro

(DRM/RJ) and University of Rio de Janeiro State (UERJ),

have been supporting the response in almost all the most

significant disasters related to landslides in Rio de Janeiro

state (Fig. 1), where there have been an increasing number of

deaths caused by natural disasters linked to extreme weather

events. In recent years, thousands of people died, tens of

thousands were left homeless and millions were affected by

natural disasters.

Among the natural disasters that occur in Rio de Janeiro

State, landslides and floods are the biggest killers and gener-

ate more damage to the economy. Comparatively, the num-

ber of events in the 2000s was 2,400 % higher for mass

movements and 400 % for flooding and waterlogging.

To describe these hazard processes, in particular the

landslides, a database structure (Fig. 2) was created to describe

the events in both their geological characteristics as well as

potential sources of loss. The data are used to calculate the risk

in regions or areas related to each event or set of events.

The database consists of a main table where general

information is recorded shortly after the event and the

triggers are identified. Associated with the main table are

auxiliary tables which also describe the moments immedi-

ately after the event, and can register the temporal evolution

of the hazards process, if observed. For this reason, the

record of date of the subsequent comments is very important

to evaluate the evolution of the process.

This relative evaluation allows authorities to prioritize

immediate response to the most dangerous landslides

systems in each situation and facilitates development of
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emergency actions, including actions to prevent the continu-

ation of the movements, to monitor the evolution of the

landslides, to select systems to perform detailed studies or

even to evacuate the people.

However, all gathered data that originated from

assessments during a field journey are still registered in

handwritten forms as well as in site images and videos,

stored in digital cameras. When agents arrive at the base

station, they must still join, validate, and upload all collected

data (forms, images, videos) after a tiring workday. Several

times, during one journey, dozens of locations are visited

and evaluated, generating a large amount of data, which

often makes the data upload process more difficult at the

end of the day. When agents work in the field, many pictures

and videos are generated and many papers are used as drafts.

Much of the produced material can be discarded due to

duplicates or bad quality photos, or even by lack of rele-

vance. All this bulk data contributes to increasing complex-

ity in the upload task. Often, after a gruelling workday, the

agent looks at the pictures taken by himself that same day

and cannot identify from which location the photo was

taken. The site incursions make agents so busy that is almost

impossible to take notes about each photo in order to avoid

confusion later.

Through many missions experienced and repeatedly fac-

ing this kind of problem, specialist realized the opportunity

of speeding up this process through the use of mobile

devices. The following section will present each step related

to a platform’s operation, showing the sequence of

procedures, starting at analyst’s field surveys, screening

data and transmission, until it is available to the coordinator

(located in the headquarters), so that, even remotely, it will

be possible to analyse and make decisions, practically in real

time.

Platform Operation

The proposed methods combine Geographic Information

Systems (GIS), telecommunications networks and mobile

devices, aiming to enhance the process of data acquisition

by field teams, and data organization and presentation for

remote coordinators (Diniz et al. 2005). Figure 3 shows an

illustration presenting the architecture components and pro-

cesses involved. Each step of the process (A, B, C, D) is

detailed in the following sections.

(A) Field data collecting platform

During the disaster response several field teams work on

different clusters (technical, medical, rescue, basic

infrastructure reconstruction) (UNDAC 2013), applying

their previous personal knowledge (geologists,

engineers, etc.) combined with the “Current Contextual
Knowledge” (acquired from site surveys), producing

technical reports resulting from the combination of

knowledge which results in the “Combined knowl-

edge”. The data acquisition phase is usually composed

of a written report, as well as multimedia content such

as photos and videos portraying the local scene.

A major problem facing a large number of surveys in

a short period of time is related to the organization of all

generated data. The mobile device solution rises at this

stage as an organizer for all that generated information.

The platform has a data input module designed for

smartphones and tablets, checking the location

coordinates from it GPS sensor, and it also uses an

integrated digital camera to acquire images and videos

(as shown in Fig. 4). It should be remembered that all

surveys are completed based on standard forms,

predefined by each working group, fully customizable,

in order to standardize each kind of inspection and

increase data analysis capacity by remote coordinators.

All data is stored in the device database. If a

telecommunications network is available at the time,

agents can upload data to the server database, hosted

on the Internet and then available online to remote

coordinators, wherever they are.

(B) Mobile platform data transmission and backup plan

Logically, a solution based in the massive use of

telecommunications needs the full operation of these

services so that the data traffic is possible. Facing emer-

gency scenarios of great magnitude, access roads, water

supply networks and light, and communication media

are commonly interrupted due to harmful events, such

as falling trees, explosions, and floods.

Just at the time the availability of this infrastructure

is badly needed for the effectiveness of the response to

Fig. 1 Landslide assessment by DRM specialist members in

Teresópolis, Brazil in 2011
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the emergency, they are often are limited, requiring time

for their reinstatement.

However, due to the great importance of

communications for the society and response teams,

efforts to rapidly re-establish primary services to society

are prioritized, so that the community does not suffer

further with its interruption and response is not

impaired.

For the major natural disasters in which the team

UNDAC (United Nations Disaster Assessment & Coor-

dination) collaborates, the UN Office divides its teams

into subgroups, called clusters, responsible for

restructuring and maintenance of primary services

such as nutrition, health, water and sanitation, tempo-

rary shelter, camp management and coordination,

security, recovery, logistics and telecommunications

(UNDAC 2013).

Specifically, in the telecommunications cluster, the

UNDAC has partners like the French NGO, Telecoms

Sans Frontieres (TSF), which mobilizes human and

material resources to guarantee the establishment of

communications at the scene until normalcy is re-

established.

Thus, even though it is a platform-dependent

telecommunications service, this is no longer seen as a

critical factor for the mobile data collecting platform

operation. Moreover, even if communication is lost, the

device is completely capable of storing all data in an

internal database, ready for upload as soon as

connections are available again. Even in the worst

Fig. 3 Components and processes from methodology architecture

Fig. 2 Database schema for geological-risk assessment
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case, when telecommunication is not available, data can

be transferred through cable from the mobile device to a

desktop.

(C) Manager data visualization

Emergency management processes are highly time-

critical and response activities must be defined and

performed quickly and efficiently. The figure “Man-

ager” in this case is a composite from highly experi-

enced professionals, commanders and public

administrators, working in emergency management

offices.

Coordinators usually operate and make decisions,

remotely managing all kinds of available information.

Databases organize all this information coming from

multiple sources in real time and it can be spatially

visualized and analysed using Geographic Information

Systems (GIS). As the agents submit new information in

real time, new points (or areas) of information emerge in

the Management System in real-time. Each piece of

information is grouped by type (e.g. evaluation of

landsliding, search and rescue) and standardized

through predefined forms, providing filtered queries

performed from search criteria.

Figure 5 depicts the Geographic Information System

with field information available on the coordination

segment. Reports and maps can be generated for spatial

analysis proceedings by any other analysis tools.

(D) Manager decisions

Citizens and “Emergency Teams” consume informa-

tion, logically organized and certified, from the man-

ager. After compilation of all data, the managers in

command can evaluate the situation and prioritize

immediately response to the most dangerous cases in

each situation and facilitate developing emergency

actions. They direct the emergency teams, citizens and

journalists to support them with useful information in

order to reduce the response emergence time, leading to

more effective work.

Conclusions and Further Work

This work presented a mobile platform which allows

online registration from different field agents during

their evaluations. Field agents can also customize forms

for different information classes (i.e. landslide assess-

ment, rescued persons, blocked roads) and still retain

the ability to attach images, videos, and other files related

to each inspection. Incoming data are stored into a web

database available for evaluation by real-time

coordinators wherever they are (sometimes over a thou-

sand of miles away from the disaster area).

According to Marrella et al. (2011), the use of mobile

devices and applications in these scenarios is very valu-

able as they can improve collaboration, coordination, and

communication among team members. Most of the tasks

are highly critical and time demanding, e.g. saving

minutes could result in saving people’s lives.

Fig. 5 (a) Information related to disaster: georeferenced, classified and

available in real time on a Geographic Information System for coordi-

nation segment; (b) Information filtering interface to refine result set

Fig. 4 VICON/SAGA: Mobile data gathering platform screen
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Although the platform depends on telecommu-

nications network availability, considering the increasing

importance of such infrastructure for a community, this is

not a critical point for the proper functioning of the

methodology, even under catastrophic situations. Never-

theless, even in the absence of network infrastructure, the

platform implements a mitigation plan for these extreme

cases, storing the collected data in a database within the

device itself.

Finally, efforts can be made in order to allow

distributed sensors data upload, remotely transmitted in

real time, for any phenomenon of interest monitoring, for

example, the evolution of an erosive process through

distance sensors, level of rivers, rainfall; all these can be

collected through sensors, today, increasingly cheap and

easy to implement, generating time series and enriching

the knowledge base for decision making.
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Automated Inclinometer Monitoring Based on Micro
Electro-Mechanical System Technology: Applications
and Verification

Andrea Segalini, Luca Chiapponi, Benedetta Pastarini, and Corrado Carini

Abstract

The paper illustrates the efficiency of a novel inclinometer device by comparing results

obtained from some prototypes installed in three landslides and those derived from classic

inclinometers. The new device, called Modular Underground Monitoring System (MUMS)

is intended to be applied for natural and artificial slope deformation monitoring and

landslides dynamics control, assessment and forecasting. The MUMS instrumentation

was developed from the idea of replacing the standard measurement procedure by locating

nodes at known distances along a connecting cable placed within a vertical borehole. Each

node measures its local orientation (related to the National Elevation Dataset (NED)) by

means of a micro electro-mechanical system (MEMS) formed by a 3D digital linear

acceleration sensor and a 3D magnetic sensor. This allows us to determine the direction

cosines of the borehole axis in each node and calculate its 3D shape and deformation along

the whole borehole. This paper compares the classic instruments and the new MUMS

device, with evidence of the advantages of measurement automation and economy in the

use of the proposed device, which could also be equipped with other electronic instruments

that would allow the measurement of other interesting physical quantities (i.e. pore

pressure, temperature, stresses etc.) together with displacement components. The compari-

son is carried out through the examination of few installation in various types of landslides,

with particular attention to the accuracy and repeatability of the measurements that are

automatically made.

Keywords

Landslide monitoring � In place inclinometer � Real time monitoring � Landslide dynamics

Introduction

The automatic measurement of displacements in the under-

ground is of considerable interest in the field of slope stabil-

ity and, in general, of geotechnics. In particular, the

possibility of measuring continuously the movements along

the entire length of a vertical inclinometer provides new

hints for the study of landslides and their mechanisms of

activation and propagation. Furthermore, the possibility of

adding to the orientation data the continuous recording

of pore water pressure and temperature promises a far

more complete knowledge of the phenomena. In recent

years, with the introduction of micro electro-mechanical
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system (MEMS) accelerometer sensors, there has been a

substantial development of slope monitoring techniques,

associated with a significant reduction in the cost of the

equipment that is starting to change the methods of incli-

nometer instrumentation.

In particular, a new system has been recently presented

(Segalini and Carini 2013), called MUMS (Modular Under-

ground Monitoring System), finalized to measure and record

the data described above. The features of the system and its

peculiarities can be found in previous publications, as well

as preliminary considerations of the accuracy that can be

expected from the use of such systems (Segalini et al. 2013).

This article discusses some applications of the MUMS

system for landslide monitoring, analysing the results and

providing insights about the reliability of the measurements

and the applicability of such systems to specific cases.

Instrumented Landslides

This chapter introduces the characteristics of three

landslides that have been monitored by means of a tradi-

tional inclinometer linked to an automatic MUMS. The

duration of observations is variable, from a few months to

several years.

Tiedoli Landslide

The Tiedoli landslide (Segalini et al. 2009) involves the

entire debris-covered portion of the slope. The debris ranges

in grain size from clay to boulders. The crown of the land-

slide is located just below a very steep cliff where the rock

formation outcrops and its foot is located at the bottom of the

Taro River valley. The total volume involved in the move-

ment is approximately 10 million cubic meters. The depth of

the sliding surface varies from head to toe, having an aver-

age value between 15 and 20 m. The upper portion of the

slide is constituted by a flow that reaches a depth of 22 m

from the ground surface and is characterized by an average

velocity of 6–7 cm/year. In the area subjected to the land-

slide movement, the turbiditic sequence of the Ranzano

Sandstones Unit is in tectonic contact with the San Siro

Claystones, part of the Ligurian Units of Cretaceous age

(Vescovi 2002).

The landslide has been instrumented with inclinometers,

piezometers and topographic markers in the past. The reason

for the placement of these instruments is tied to the presence

on the landslide body of an urban waste disposal site that has

operated since 1980 (Segalini et al. 2009). Most of these

instruments are connected to an automated monitoring sys-

tem that can be governed remotely and is able to send an

alarm signal if some threshold values of superficial velocity

or piezometric water level are exceeded. The main move-

ment is related to the waste disposal activities that ceased by

the end of 2007. The landslide features have been evaluated

and confirmed through the interpretation of the inclinometer

readings (Segalini et al. 2009) from various boreholes drilled

in the medium-lower portion of the landslide, on top and

below the lower embankment of the waste disposal site.

Figure 1 shows the total displacement along the inclinome-

ter, and the locations of the two main sliding surfaces: the

first between 10 and 13 m depth, and the second between 19

and 22 m.

Roccamurata Landslide

The town of Roccamurata is located on the right bank of the

Taro river valley, Parma Province, Italy. The small town has

grown around the railway crossing along the municipal road

that borders the railway and the Taro river right bank for

about 1 km (Fig. 3). The small town is divided in two portion

by the Prato Ticino creek, a right tributary of the Taro River.

Two distinct landslides are affecting the township area

(Masetti et al. 2009).

• The eastern landslide has been identified as an earth flow

with a NNW direction, starting from an elevation of

around 425 m a.s.l. and reaching the Roccamurata town

at the elevation of 325 m a.s.l. This landslide is currently

not active.

Fig. 1 Total displacement measured with the MUMS system in 1 year

(left) and total displacement during each season (right) at the Tiedoli

landslide
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• The western landslide has been identified as a rotational

slide on the basis of the inclinometer readings; the rupture

surface toe is surfacing on the paved road in the town of

Roccamurata. The landslide is active and involves the

monogenic serpentinitic breccias of the Casanova com-

plex that make up the surface portion of the slope in the

landslide area.

This landslide involves several buildings that have been

severely damaged, as well as the road that runs through the

town (Fig. 3). Inclinometer readings carried out for 11

months, from February 2007 until January 2008, had

shown a total movement of about 8 cm/year; the landslide

is thus classified as very slow, according to IUGS/WGL

(1995). The last geological survey, carried out in January

2012, was aimed at further understanding the lithological

settings around the Roccamurata landslide in order to plan

possible remediation. The landslide activity caused damage

to several buildings of the small village, forcing some

families to leave their homes.

The new borehole ROCC5I was equipped with the

MUMS device. This device integrates a multiple sensors

inclinometer and a single piezometer.

The old deformation measurements were confirmed by

the new inclinometers installed during the last geological

campaign (Fig. 2). In particular, both the traditional incli-

nometer installed in the toe of the landslide and the MUMS

device (installed within 2 m distance) have shown a sliding

surface located at a depth of 4 m below the surface, in

agreement with what was observed in the past. The manual

inclinometer was read twice after a zero reading during the

2012 spring and summer seasons and then left unattended

until the next spring. The total displacement recorded in the

65 days interval was around 8 mm at 4 m depth; this would

add up to a total displacement of 5 cm per year, considering a

constant velocity of the landslide equal to the average value

calculated in the 65 days interval. By the following spring

(2013) it became unusable, since the inclinometer probe

wasn’t able to pass below the 4 m depth, due to the landslide

movement. On the other hand, the MUMS installed towards

the end of summer 2012 is still operational. Figure 2 (left)

shows the total cumulative displacement recorded by the

MUMS inclinometer in the whole year. The total displace-

ment is around 8 cm, 2.5 cm of which is occurring at the

lower sliding surface (8 m depth) and the remaining 5.5 cm

is occurring at 4 m depth, as shown in Fig. 2 (right).

Boschetto Landslide

The area affected by the landslide (see Fig. 3) is

characterized by the widespread presence of debris

accumulations defined as quiescent landslide deposits of a

complex landslide (Regione Emilia Romagna 2010), with a

prevailing lithology of the Tizzano pink marl formation—

Castelmozzano member (Fig. 4). In particular, the borehole

instrumented with the MUMS is located in the top portion of

a colluvium deposit that is probably the upper portion of a

deposit of an old quiescent landslide. The positioning of the

borehole drilling was aimed at identifying the thickness of

debris that lies above the bedrock, and to collect some

undisturbed samples for geotechnical laboratory analysis.

Afterwards, the borehole was instrumented with the

MUMS chain to verify the stability conditions of the area

crossed by the new provisional road link. As can be derived

from Vescovi (2002) and from the Landslide Map of the

Emilia Romagna region (Cartografia del Dissesto

Idrogeologico 2010), the recent activation of the landslide

has involved a previously stable portion of the colluvium

debris, causing a southbound expansion of the perimeter of

the instability area already mapped in the Regional Cartog-

raphy of the Emilia Romagna (1991).

The entire slope is characterized by the presence of the

Tizzano pink marl formation: a limestone-marl sequence

that evolves upward to arenaceous-pelitic and arenaceous-

pelitic-calcareous.

The formation, deposited by turbidite flows originating

from terrestrial and intrabasin sources, is subdivided into

three members. The lower contact is of uncertain nature,

but the lowest member is the Monte Caio flysch. This

Fig. 2 Total displacement measured with the MUMS system in 1 year

(left) and total displacement during each season (right) at the

Roccamurata landslide
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formation can be temporally ascribed to the Daniano—

Lower Luteziano.

The Castelmozzano member, in particular, is generally

formed of grey marl and marly pelitic structures interspersed

with whitish limestones and nummulite-rich calcarenities

(Iaccarino and Follini 1970) in medium to thick layers and,

locally, by lithified sandstone layers of medium thickness

from the lower to middle Eocene (Cerrina Feroni et al.

1994). The tectonic development of the formation and its

weathering favor the formation of a debris mantle on the

slopes that locally has become several meters thick. The

landslide is part of this; the most significant section is

shown in Fig. 4.

In this particular landslide, the MUMS inclinometer was

installed on June 26, 2013, therefore the displacement

reported in Fig. 5 does not cover a complete seasonal year.

However some interesting observations can be pointed out:

the deeper small displacement occurred at a depth of 16 m, at

the contact between the slope debris cover and the Tizzano

pink marl rock formation. The upper portion of the debris is

intersected by a movement that occurred around 2.5 m of

depth and is related to the excavation of a nearby drainage

trench, carried out during the construction of the new provi-

sional road link.

The larger amount of displacement (around 7–8 mm)

directly induced by the landslide occurred at around 10 m

depth, approximately corresponding to the lower excursion

level of the water table. A similar displacement (7 mm) was

measured in a nearby traditional inclinometer in a time

interval of 36 days.

Fig. 3 View of the the Roccamurata landslide taken from the left bank of the Taro River (above); the Boschetto landslide crown area, taken a few
days after its reactivation (below)
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Comparison Between Manual and Automatic
Measurements

In this section the problem of comparing the results of the

measurements obtained by manual inclinometers and those

derived from the MUMS chain is discussed.

As already stated, for each monitored landslide, the com-

parison between the total displacement measured with a

traditional inclinometer and MUMS were in very good

agreement. Some of the traditional measurements were car-

ried out contemporarily with the MUMS (Boschetto and

Roccamurata landslides) while other were compared with

published literature (Tiedoli landslide).

The three landslides have shown different dynamic behav-

ior, having more than one sliding surface and each one being

of different thickness. The lower surface of the Roccamurata

landslide (Fig. 2) is very thin, influencing the readings of a

single MUMS node, while the upper surfaces of both Tiedoli

(Fig. 1) and Roccamurata (Fig. 2) are more than 2 m thick,

influencing three or four MUMS nodes. This should be taken

in to account when planning the installation of traditional

in-place inclinometers, since generally only two or three

Fig. 4 Geological sections of the three landslides with indication of the positions of the MUMS inclinometers
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probes are installed at each location, potentially losing infor-

mation on the real displacement that has occurred.

Furthermore, considering the time at which the landslide

became active, both Tiedoli and Roccamurata landslides have

shown differences in the time and location of their

movements. Observing the Tiedoli displacement (Fig. 1—

right) it appears evident that the total displacement is com-

posed of two portions: the first occurring at the upper sliding

surface - shear band - during the spring and autumn seasons,

when thewater table is highest, and the second occurring at the

lower sliding surface during the summer and winter seasons.

Other correlations between displacement and water table

level, underground temperatures and smaller time interval

could be made, considering that the database of these particu-

lar MUMS devices has a frequency of one reading per hour.

Even in shorter monitoring periods, as in the case of the

Boschetto landslide, the use of the MUMS chain appears to

be very useful for the interpretation of separate events. In

this particular case it was possible to point out the effects of

the nearby construction of a drainage trench, as well as the

correlation between the depth of the sliding surface and the

temporary variation of the water table level. Further progress

in the monitoring will allow for a better understanding of the

landslide dynamics and provide real time evaluation of the

landslide hazard.

Concluding Remarks

The paper describes some application of the MUMS

system, showing how it allows for a better understanding

of the type, location and origin of unstable slope

movements. That, in turn, should help in understanding

the triggering causes and the evolution mechanisms of

landslides and provide an innovative and substantial con-

tribution to their stability analysis and control.
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Energy Demodulation-Based All-Fiber Warning
System for Landslides

Xing Wang, Guangqing Wei, Bin Shi, Fenggao Xu, and Hengjin Tong

Abstract

In this paper, a new landslide warning technology, called the energy demodulation-based all-

fiber warning system, is introduced. The system can measure the signal of energy change in

fiber caused by micro-bending or breakage associated with the displacement of a landslide,

and sends alarms at once when the signal intensity in the fiber weakens to a defined threshold.

Compared with conventional monitoring technologies, this technology has many unique

advantages, such as graded alarming, real-time response, remote monitoring, low cost, and

a passive optical network. It is a very convenient and applicable landslide warning system. At

present time this system has been developed and used in landslide warning in China.

Keywords

Landslide � Warning system � Energy demodulation � Fiber

Introduction

China is a country with many landslide disasters. The eco-

nomic losses caused by landslides are over $1.5 billion per

year. It is very difficult to forecast the place, time and intensity

of the landslides accurately; resulting in serious losses. There-

fore, how to conduct warnings effectively is a critical task for

mitigating and preventing landslide disasters.

The conventional monitoring and early-warning

technologies for landslides mainly include inclinometers, dis-

placement meters, strain gauges, water level gauges and others

(Gong et al. 2005), which all are types of point-monitoring, and

cannot indicate the danger signals visually. As a new monitor-

ing technique, Distributed Fiber Optic Sensing (DFOS) tech-

nology has developed rapidly since the 1980s. It uses fiber as a

medium, and light as the carrier. The energy demodulation

based all-fiber warning system for landslides, developed by

AdvancedComputational Engineering Institute for Earth Envi-

ronment (ACEI) in 2012, is derived from Distributed Fiber

Optic Sensing (DFOS) technology. In addition to its utility for

distributed and remote monitoring, this system has other

advantages over traditional monitoring, such as high sensitiv-

ity, real-time response, long monitoring distances, ease of

forming a network in a certain range, and low cost (Shi et al.

2004; Sun et al. 2012; Gao et al. 2011). It can not only trace the

deformation during the movement of a landslide body, but also

carry out early-warning in a timely and effective manner. This

system has been successfully developed and patented by

Suzhou NanZee Sensing Technology Co. Ltd. in China and

has been popularized in the landslide monitoring market. In

this paper the principles, composition, functions and other

issues related to the system are discussed.

Principles

Artificial, geo-structural and environmental factors are three

basic elements affecting slope stability. Artificial factors

include blasting vibration, excavation, and transportation.
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Geo-structural factors include the angle of slope, attitude of

rocks, rock weathering degree and completeness, and physi-

cal and mechanical parameters of the soil. Environmental

factors include precipitation, and movement of groundwater.

Horizontal and vertical displacement and cracks in the slope

are impacts that all these factors have.

An all-fiber warning system for landslides can sense the

displacement of soil and rock masses through the change of

energy intensity of light in the cable. When the stress or

displacement caused by the abnormal stress in the slope

affects the system, it can convert the soil and rock movement

into a change of signal energy intensity, due to micro-

bending or breakage in the cable. Combined with the specific

geological conditions and influencing factors of the slope, a

reasonable threshold range can be assigned. When the dis-

placement of the slope increases, the energy transfer rate can

be affected by micro-bending in the cable. When the optical

signal energy breaks through a predetermined threshold, the

alarm module connected to the alarm device will send out an

alert message immediately. The schematic diagram of an all-

fiber monitoring and early warning system for landslides is

shown in Fig. 1.

Components

The all-fiber warning system for landslides includes event

sensors, a Host, an alarm module and a power supply module.

Event Sensors

Event sensors are used for detecting the deformation and

displacement of landslides. Different physical and mechanical

types of events require different sensors. Figure 2 is an event

sensor that can sense the stress changes in the landslides. The

stress determines the tightness of two serrated blocks. The

tighter the saw tooth blocks are, the weaker the intensity of the

optical signal transmission rate will be.

The Host

The Host for the all-fiber warning system for landslides

includes a signal generating module, a signal detection mod-

ule and a control module. The signal generation module can

generate an optical signal, which can be a continuous optical

signal, a pulse signal or a pulse frequency modulation optical

signal. These signals are connected with the event sensors

through the cable. The signal detection module is used for

detecting the intensity of the light through the event sensors.

The main function of the control module is setting the thresh-

old value, judging the signal from the signal detected and

sending commands to the alarm module. The relationships

between modules in the Host are shown in Fig. 3.

The main power unit provides energy for the normal work

of the whole system. The photoelectric conversion circuit

module can convert the light signal into an electronic signal

and the threshold grading judgment module will then receive

the message. According to the received message, the judg-

ment module performs a judgment and reports to the control-

ler and interactive processing circuit module. The controller

makes the decision whether the alarm circuits should send an

alarm. The close relationship between the modules is well

established. The integrated Host and some physical modules

are showed in Fig. 4.

The Alarm Module

The alarm module can send the message in various ways. The

alarm signal can be transmitted through sound and light in the

area close to the danger. For further away, mobile phone text

messages can be a good option. Remote scheduling and

guiding work can be communicated via wireless transmitting

networks.

The Power Supply Module

The power consumption of the whole framework and alarm

is very small. Considering uncertainties in the environment

of the landslide, solar cells will be a good choice.

Fig. 1 A schematic diagram of an all-fiber warning system for

landslides (The red arrow indicates the signal transmission)

Fig. 2 Pressure probe meter (as stress affects the sawtooth block,
the light intensity in the cable will change)
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Features

An all-fiber warning system for landslides has real-time, syn-

chronization of the event and the warning. In addition, the

fiber consists of silica, which is anti-electromagnetic, resistant

to corrosion and oxidation and is electrically insulated (Jiang

et al. 2005). It is suitable for the harsh environment in the field.

The system belongs to a wide range of accurate monitoring

and early-warning devices, which can cover a radius of

5–10 km. It also has other incomparable advantages.

Grading Demodulation Alarm

Different geological conditions and external environments

affect the landslide differently. The important reason for a

high rate of false alarms is the lack of pertinence to

conditions. One problem is that some slopes have not

satisfied the sliding conditions or exceeded a chosen thresh-

old. Therefore, different geological conditions for landslide

early warning system should be set according to the local

conditions. The alarm threshold can be graded in multiple

levels, and different alarms can vary with these multiple

grades. In this way, it can greatly improve the science and

accuracy of the early-warning system. Meanwhile, the sys-

tem does not need to measure a specific deformation value.

When the light intensity is lower than the threshold, the

system sends an alarm at once.

Local Monitoring and Early-Warning Networks

Landslides always appear in specific areas. Some single

landslides are very large; some landslides occur in the form

of a landslide group. In a certain area, the all-fiber warning

system can be integrated into a monitoring net through a

cable, forming a regional network. In this way, the efficiency

and management of the monitoring and early-warning system

can be greatly improved.

Low Cost of the Entire System

The system does not need expensive modulation and demod-

ulation devices, and optical fiber is also very cheap. All in

all, the cost of the entire system is just one tenth to one

percent of the cost of conventional means. Easy installation

and precise warning make the system more efficient and

more reliable.

The Threshold Setting

The alarm thresholds in an all-fiber warning system for

landslides depend on the geotechnical structure and environ-

mental factors for the stability of the slope. Based on our

experiences and extensive data analysis, the following three

factors can be used to determine the alarm thresholds, i.e.

horizontal displacement, vertical displacement and widening

cracks (Qiao et al. 2009).When one of the following situations

occurs, the warning should be carried out:

1. The average horizontal displacement of all measuring

points in the slope body is more than 5 mm/day in the

same direction (or nearly the same direction);

2. The horizontal displacement of any single measuring

point in the slope body is more than 10 mm/day in the

same direction (or nearly the same direction);

3. The average settling rate of all measuring points in the

slope body is larger than 3 mm/day;

4. The settling of any single measuring point in the slope

body is more than 10 mm/day;

5. The average broadening rate of all measuring cracks is

larger than 3 mm/day;

Fig. 3 Relationships between modules in the host

Fig. 4 (a) The entire physical system. (b) The integrated host
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6. The rate of widening of a single measuring crack is more

than 7 mm/day;

7. The width of a single measuring crack is more than 50mm.

These circumstances cover all the unexpected situations

during the creep of soil and rock formations in the landslides.

Some changes are invisible, so it is hard to measure displace-

ment or deformation, while others may be recognized easily.

For any landslides that need to be monitored, just install the

event sensors at the site where the unexpected situations can

be recognized easily (Li et al. 2011).

For the alarm system, further analyses need to carried out

for assessing the slope stability, based on the engineering

geology, hydrogeology, and deformation mechanisms of the

slope (Xu 2012).

Gaoqin Landslide Case Study

The GaoQin Landslide, located in Huangshan Mountains,

south China, is a threat to over 55 people. According to the

results of advanced investigation, this landslide is caused by

heavy rains. The bedrock beneath the unconsolidated super-

ficial formation is heavily jointed and fissured. The resulting

infiltration of rain and surface water increases the gravity

forces and at the same time decreases the soil and rock

resistance, and causes the landsliding.

Around the body of the landslide, many cracks caused by

creep of the landslide were found. Along the trailing edge,

there is a 3.0 m long and 2.0 mm wide crack. Along the side

edge, there is a 10 m long, 10–20 mm wide crack covered by

a soil layer. Since the cracks are visible, we can install the

event sensors near these features (see Fig. 5).

For comparison, the inclinometer was installed in a bore-

hole that extended to the bed rock beneath the slip surface in

the central part of the landslide body. The monitoring started

from December 2012, once every 3 months. The data from

the inclinometer indicate the deformation of the landslide is

very small (Fig. 6). The maximum displacement is a little

over 1 mm during nearly 6 months. Obviously, the deforma-

tion does not surpass the threshold, and according to the site

survey, the entire warning system goes well.

Conclusion

This paper introduces a new landslide warning technol-

ogy—the energy demodulation-based all-fiber warning

system for landslides, which consists of event sensors,

the Host, an alarm module, and power modules Compared

with conventional monitoring techniques, the system has

many unique advantages, such as graded alarms, real-time

response, remote monitoring, low cost, and a passive opti-

cal network. It is a very convenient and ideal landslide

warning system.

The system has been developed and patented by Suzhou

NanZee Sensing Technology Co. Ltd. and applied in land-

slide monitoring in China.
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Evaluation of ‘Wig-Wag’ Landslide Warning Signs

Mike G. Winter, Neale Kinnear, Barbara Shearer, Louise Lloyd,
and Shaun Helman

Abstract

This paper presents technical and perceptual evaluations of a novel form of landslide

warning road sign. The signs, known as ‘wig-wags,’ incorporate a standard rockfall/

landslide red warning triangle, flashing lights and a sub-plate that warns of ‘higher risk
when lights flash’ (i.e., during periods of high rainfall) and have been trialled at an

important debris-flow site in Scotland. It is broadly concluded that the trial has had a

satisfactory technical outcome, albeit that the rainfall triggers used to activate the signs

need further development. The results of the perceptual evaluation indicate that, in general,

desired driver behaviours are promoted by the use of the signs.

Keywords

Landslides � Debris flow � Rainfall � Temporal � Warning � Sign

Introduction

Landslides in the form of rainfall-induced debris flows are a

common occurrence in Scotland. The events of August

2004, which adversely affected the trunk road network, led

to the Scottish Road Network Landslides Study (Winter

et al. 2005, 2009). The overall purpose of that study was to

systematically assess and rank the hazards posed by debris

flows and to put in place a management and mitigation

strategy for the Scottish trunk road network.

The approaches to management and mitigation were

based upon exposure reduction and hazard reduction respec-

tively (Winter et al. 2009). There are many forms of land-

slide management and mitigation (e.g., VanDine 1996) and a

classification scheme has been developed (Winter 2013a, b).

This particular scheme is intended to provide a common

lexicon and to allow a clear focus on outcomes from such

activities, whilst avoiding an overemphasis on individual

processes and techniques. This approach ought to be of

particular value to those who fund such works, including

infrastructure owners and local governments. Management

involves the reduction of the exposure of road users to the

hazard by means of either:

1. Education;

2. Geographical (non-temporal) warnings; or

3. Response (including temporal, or early, warnings).

Mitigation primarily, but not exclusively, involves

reduction of the actual hazard by means of:

(a) Works to engineer or protect the elements at risk;

(b) Remediation of the hazard to reduce the probability of

failure; or

(c) Removal, or evacuation, of the elements at risk

One of the recommendations put forward by Winter et al.

(2009) was that a form of temporal road sign incorporating a

standard rockfall/landslide red warning triangle, flashing

lights and a sub-plate that warns of ‘higher risk when lights

flash’ (i.e., during periods of high rainfall) might be suitable

for sites where debris flow events occur on a regular basis.

The signs provide both a geographical and temporal warning
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of potential landslides as part of a management strategy and

are colloquially known as ‘wig-wags’.
A 2-year trial (since extended) of such signs began in

January 2011 at the highly active A83 Rest and be Thankful

site (Winter and Corby 2012), with the following objectives:

• Technical evaluation: Determine the efficacy of the

wig-wag switch-off/switch-on protocol in terms of its

alignment with actual events and also to assess the rain-

fall threshold used for the switch-on.

• Evaluation of drivers’ attitudes and behavioural

responses (perceptual evaluation): Explore the attitudes

held by local and non-local drivers towards landslide

wig-wag signs on the A83 in terms of their perceived

meaning and their impact on road safety.

The full evaluation, which is summarised in this paper, is

presented by Winter et al. (2013).

‘Wig-Wag’ Signs

The design of the wig-wag signs incorporates both a static

landslide warning sign and lights that flash during periods of

heavy rainfall, to indicate an elevated risk of landslide

(Figs. 1 and 2). Similar signs are commonly used to indicate

the presence of school crossings or ice, both of which have a

clear temporal aspect and are eminently suited to the use of

flashing lights when such risks are at a higher level than at

other times (i.e., at school start and end times, and during

periods of cold weather, respectively).

Six signs were installed, three each for eastbound and

westbound traffic. The sign plates are permanently visible to

drivers and the flashing lights are switched on remotely,

using mobile telecommunications technology, in response

to warnings (or forecasts) of heavy rain. When the lights are

switched on, to indicate a period of higher risk (of

landslides), a notification is placed on the Traffic Scotland

website (http://www.trafficscotland.org); such notifications

are frequently broadcast both locally and nationally.

The wig-wag signs are switched on by the Traffic

Scotland Control Centre in response to heavy-rain warnings.

These are predicated upon meteorological forecasts that

suggest that one or other of two threshold values is likely

to be exceeded. The thresholds are defined by the Met Office

as follows:

• 25 mm in a 24 h period, or

• 4 mm in a 3 h period.

The lights then flash from the time that the forecast period

commences until 6 h after the forecast period finishes. The 6-

h period was agreed, at the outset of the trial, as the best

estimate of the period over which a residual risk would

persist. The warning is also emailed to the Operating Com-

pany (Scotland TranServ) who consult with Transport

Scotland and make a decision on whether landslide patrols

should be activated; these operate only in daylight hours.

The wig-wags have prompted diverse views from road

users and local residents. The promulgation of messages in

the media, when the lights are switched on, along the lines of

“There is a higher risk of landslides at the Rest and be

Thankful . . . nothing has happened but drivers should be

advised to take care . . .”, may erroneously send out the

message that mid-Argyll is effectively closed for business

at such times. Such a message was not stated in the

recommendations made by Winter et al. (2009); what was

contained in those recommendations was that such signs

should be used to alert drivers to the need to take extra

care and appropriate actions for drivers were detailed

Fig. 1 Format of landslide wig-wag warning sign

Fig. 2 Wig-wag warning sign in operation
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therein. These messages were repeated and reinforced in

leaflets issued jointly by Transport Scotland and Scotland

TranServ. These leaflets included the following messages:

These new [wig-wag] signs will flash when there is a higher risk
of a landslide, alerting drivers to take extra care while
continuing their travel on the road.

Our aim is to keep roads open as safely as possible and you can
help make your trip even safer by:
• planning your journey in advance at http://www.

trafficscotland.org
• checking the weather forecast before you set off
• allowing extra travel time
• being alert for water or debris on the road
• listening for travel bulletins and looking for roadside

messages displayed on Variable Message signs
• avoid stopping on bridges or next to water courses in moun-

tainous areas
• planning your stops in towns and villages rather than the

open roadside

For more information about the Landslide Action Plan and Wig-

Wag trial visit http://www.transportscotland.gov.uk/.

Technical Evaluation

The technical evaluation assesses, both qualitatively and

quantitatively, the success or otherwise of the procedures

and methods used to switch the wig-wag signs on and off. In

order to evaluate the success of the initiative, what should be

assessed is whether the wig-wags were switched on too

frequently when debris flow events did not occur—‘false
positive’—and switched off when debris flow events did

occur—‘false negative’.

A number of data sources for the years 2011 and 2012

were used (e.g., Fig. 3), including:

• Rainfall data from a variety of sources, including gauges

installed in April 2012 as part of ongoing work on rainfall

trigger thresholds in the area.

• Heavy rainfall warning days.

• Snow warning days.

• The days on which the flashing lights on the wig-wag

signs were activated.

• The times and dates of debris flows in the area.

The number of times that the wig-wags indicated ‘false
positives’, and the number of days on which that occurred, is

detailed in Table 1.

It is clear from Table 1 that there was a significant number

of ‘false positives’ and that these were of significant dura-

tion. With a system of this nature ‘false positives’ are to be

expected, particularly one that is under trial and subject to

ongoing development. There seems little doubt that, given

time, the forecast values used to initiate switch-on of the

wig-wag signs can be improved, as described by Winter

et al. (2013). During 2011 and 2012 the wig-wags were

switched on for 11 % and 15 % of the year when the

switch-on period did not contain a debris-flow occurrence.

There was a small number of occasions when wig-wags

were not switched on despite a heavy rainfall warning being

in force. The majority of these can be explained by the 6 h

Fig. 3 Rainfall data, weather

warnings and wig-wag switch-on

periods for the Rest and be

Thankful rainfall for 2012

Table 1 ‘False positives’ indicated by the wig-wag signs

2011 2012 Total

Number of times 20 35 55

Number of days 41 54 95

Evaluation of ‘Wig-Wag’ Landslide Warning Signs 609

http://www.trafficscotland.org/
http://www.trafficscotland.org/
http://www.transportscotland.gov.uk/


that the wig-wags are intended to switch on after a heavy

rainfall warning ceases to be in force, their activation by

snow warnings, and possible breakdowns. It does seem

likely that there was a small number of occasions when a

heavy rainfall warning was in force and the wig-wags were

not switched on. A review of the procedures for switch-on

and switch-off is needed to ensure that this happens as

infrequently as possible.

Eight debris flow events were identified in the area during

2011 and 2012. Of these, six occurred when a heavy rainfall

warning was in force and the wig-wags were switched on. A

seventh seems most likely to have also occurred during the

warning period when the wig-wags were switched on,

although this cannot be confirmed with any degree of

certainty as the debris flow did not reach the road and was,

most likely, not observed until some time after its occurence.

The eighth event (1 December 2011), occured when there

was no weather warning current and the wig-wags were

switched off at the time (switch-off was at around midday

on 30 November). The event occurred on the first day fol-

lowing a change of weather warning supplier. This change

over in the source of the weather warnings is not thought to

have adversely affected operation of the system. The fact

that the landslide event occurred when there was not a heavy

rainfall warning active and the wig-wag signs were switched

off means that it must be classed as a ‘false negative’.
However, the nature of this debris flow event was some-

what different to those that more typically affect the area.

Typically the events start high on the hillside as a small

translational slide that enters an existing stream channel

and then, if there is sufficient water, it erodes material

from the stream walls and becomes a debris flow within

that channel (e.g., Winter et al. 2006). The December 2011

event, being very close to the road, effectively comprised

only the translational slide phase and the translational slide

itself appears to have been somewhat larger than is typical

(Fig. 4).

It may also be that the 6-h period between the end of the

heavy rainfall warning and the switch-off of the wig-wags

needs to be extended, or to incorporate some flexibility

depending upon the antecedent conditions. This will be

considered as part of ongoing work to further develop the

tentative rainfall intensity-duration threshold described by

Winter et al. (2010, 2013). At present the heavy rainfall

warnings are used to activate the wig-wag signs and the

number of ‘false positives’ confirms the view that the

amount of rainfall required to trigger debris flows is

underestimated. This seems to be a function of the rather

sparse rainfall gauge network, which is primarily intended

for the collection of synoptic data.

Debris flow events are shown as vertical lines. Landslide

patrol periods are also shown.

Perceptual Evaluation

For the perceptual evaluation, a face-to-face questionnaire

survey was conducted to determine attitudes, perceptions

and self-reported behavioural reactions to the signs by

local and non-local drivers, when the signs are switched on

and when they are off.

The aim of the work was to establish the impact of the

installation of landslide wig-wag signs on the A83 Rest and

be Thankful on driver behaviour and attitudes. A survey

design was utilised to measure drivers’ speed choice for a

range of driving scenes, including landslide and other wig-

wag signs, whereby speed choice was considered a proxy for

behavioural response. Road scenes were matched and digi-

tally altered to allow direct comparison of participant

responses where the sign was active (i.e., flashing), not

active, and removed from the scene. The face-to-face survey

sought to answer the following questions:

1. What is the effect of installing a landslide wig-wag sign

on drivers’ self-reported behaviours?

2. What effect does the type of sign (e.g., landslide wig-wag

sign versus other wig-wag warning signs) have on

drivers’ behaviours?

Fig. 4 A83 Rest and be Thankful debris flow event of 1 December

2011 (Courtesy of Scotland TranServ.)
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3. What do drivers report they would do if they passed a

wig-wag sign when the lights are flashing?

4. What do drivers think they should do if they pass a

wig-wag sign when the lights are flashing?

5. Do drivers think the signs make the road safer and do

drivers take the precautions that Transport Scotland

publicised?

6. Are there differences between local and non-local

drivers?

Overall results indicate that there is no effect on drivers’
speed choice resulting from the presence of an inactive

landslide wig-wag sign, and that the effect of activating the

flashing lights on a landslide wig-wag sign is a reduction in

chosen speed. This is a desirable outcome, as it suggests that

the installation of the signs has not resulted in any unex-

pected behavioural response from drivers and that drivers

are responding as anticipated when the signs are activated (i.

e., they are taking more care). This result was apparent for

both local and non-local drivers, although non-local drivers’
speed reductions to flashing landslide wig-wag signs are

more pronounced.

While the overall findings suggest that drivers’
behavioural response to landslide wig-wag signs is in the

desired direction (i.e., drivers reduce speed in response to a

flashing landslide wig-wag sign), results indicate that

drivers’ reduction in stated speed to both flashing ice warn-

ing and school wig-wag signs was found to be greater than

that of landslide wig-wag signs. In addition, the pattern of

data was less consistent by sign location and by question-

naire order for the landslide signs. These differences by sign

type could be for a number of reasons. For example, it might

suggest that drivers are uncertain of the correct response to a

flashing landslide wig-wag sign and do not consider the risk

of a landslide to be as immediate as that of either ice on the

road or school children being present.

This interpretation is supported by what drivers report

they would do if they passed a wig-wag sign when it was

flashing. Almost every respondent reported that they would

reduce their speed upon seeing a flashing school wig-wag

sign, and 85 % of respondents would slow down in response

to a flashing ice warning wig-wag sign. In comparison, only

68 % of respondents reported that they would slow down for

a flashing landslide wig-wag warning sign. Interestingly,

13 % of respondents reported that they would turn around

or stop upon seeing a flashing landslide wig-wag sign and

2 % of respondents reported that they would speed up. The

lesser consistency in stated responses for flashing landslide

wig-wag signs suggests that the link between the risk factor

being signalled (landslides) and the desired behavioural

response (slow down) is not as obvious as it is for the ‘ice’
and ‘school’ risk factors. Presumably this is due to the

immediacy of the threat in the landslide setting being less

obvious than in the ‘ice’ and ‘school’ settings.

A similar pattern is present in the beliefs drivers stated

about what they thought they should do when seeing a

flashing landslide wig-wag sign. One-hundred per cent of

drivers reported that they should slow down when passing a

flashing school wig-wag sign. This drops to 92 % of drivers

for a flashing ice warning wig-wag sign and drops further to

83 % for a flashing landslide wig-wag sign. A proportion of

drivers believe that the correct response to passing a flashing

landslide wig-wag sign is to continue at the same speed

(5 %), turn around (5 %), stop (5 %) or speed up (1 %).

This is consistent with the proportions who report that this is

what they would do and suggests that some drivers are

unaware of the desired response, specifically for the land-

slide wig-wag signs. Further analysis revealed that this

group of drivers are largely non-locals and may have there-

fore missed out on any marketing material disseminated

when the signs were installed. It is possible that their

behavioural response is a result of a lack of knowledge of

the desired response rather than a deliberate act of non-

compliance.

Of participants who drove the road regularly, the majority

(71 %) reported that they agreed that the signs had made the

road safer (34 % strongly agreed) although 18 % disagreed

with this statement (7 % strongly disagreed). Over half of

these drivers also reported following Transport Scotland’s
guidelines when using the A83 to check the weather fore-

cast, allow extra time for their journey and listen to travel

updates on the radio.

Discussion and Conclusions

The A83 at the Rest and be Thankful is a locality that is

known for the frequency with which debris flow events

occur, much more than any other part of the trunk road

network in Scotland. It is thus well-suited to the use of

this type of temporal warning. The potential application

of this approach to other parts of the network is limited

and any proposals should be the subject of detailed

location-specific assessment.

Eight debris flow events occurred in the Rest and be

Thankful area during the 2011 and 2012 trial period. Six

of those occurred during periods when a heavy Rainfall

Warning was in force and the wig-wags were switched on

and a seventh was most likely contained within that

group, albeit that there is some doubt about the precise

timing of the event. The eighth event occurred during a

period when there was no heavy Rainfall Warning in

force and the wig-wag signs were switched off (‘false
negative’). There may be good reasons for this and some

modification to the period during which the wig-wags

remain switched on after the heavy Rainfall Warning

ceases to be in force may be needed.

Nevertheless, there was a significant number of ‘false
positives’. These are to be expected with a system of this
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nature, particularly one that is under trial and subject to

ongoing development.

Work to further develop the currently tentative rainfall

intensity-duration debris flow threshold is ongoing (Win-

ter et al. 2010). Certainly the thresholds currently used are

low compared to others used internationally.

The results of the survey undertaken to evaluate driver

perception of the wig-wags signs have established that

overall, the installation of landslide wig-wag signs on the

A83 does not appear to have had any negative effect on

drivers’ behaviour (as measured by speed choice) overall.

Both local and non-local drivers who have experience

of driving the A83 reported slower speed choice on aver-

age when landslide wig-wag signs are flashing, with non-

local drivers reducing their speeds more than local drivers

on average. For all drivers, the reduction in speeds to

flashing landslide wig-wag signs was not as pronounced

as that for flashing ice warning or school wig-wag signs.

The available evidence supports the assertion that this

is the result of the link between the risk factor and

required behaviour being weaker in the ‘landslide’ setting
than in the ‘ice’ and ‘school’ settings, where the immedi-

acy of the threat may be more obvious.

The evidence from both the technical and perceptual

evaluations indicated that the wig-wag signs trial has a

satisfactory outcome and that the flashing lights prompt

generally desirable behaviours in the majority of cases.

Notwithstanding this, there are areas for improvement

and specific recommendations are made by Winter et al.

(2013).

That the wig-wag signs have prompted diverse views

from road users and local residents is beyond doubt. How-

ever, the message that ‘mid-Argyll is effectively closed

for business’ when the signs are flashing does not seem to

be borne out by the perceptual evaluation in which a

relatively small proportion of respondents suggested that

they would turn around on encountering a flashing land-

slide wig-wag sign. Indeed, over 70 % of participants in

the survey stated that they agreed with the statement that

the signs made the road safer, albeit that 18 % disagreed

with the statement. It does thus seem that this message,

erroneous as it is, is most likely a result of media reports

that originate from the notifications that are placed on the

Traffic Scotland website when the signs are activated.

It seems appropriate to continue efforts to promulgate

messages about desired behaviours and these might be

increased for non-local drivers.
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Latest Developments of Hong Kong’s Landslip
Warning System

A.C.W. Wong, S.M. Ting, Y.K. Shiu, and K.K.S. Ho

Abstract

The Geotechnical Engineering Office (GEO) has been operating, in conjunction with the

Hong Kong Observatory (HKO), a territory-wide Landslip Warning System for over

35 years. The objective of the System is to alert the general public of possible landslide

risks during periods of heavy rainfall. The GEO operates an extensive network of automatic

raingauges which provides real-time rainfall information for use in the Landslip Warning

System. Over the years, various measures have been implemented to enhance the efficiency

and reliability of the raingauge system. Rainfall-landslide correlation models, which

support the algorithm of the Landslip Warning System, have recently been updated to

incorporate the most recent landslide and rainfall data using advanced geospatial and

statistical techniques. This paper gives an overview of the major components of the

Hong Kong Landslip Warning System and describes the technical basis of the System.

Keywords

Landslip warning � Raingauge system � Rainfall-landslide correlation � Natural terrain

landslides � Emergency preparedness planning

Introduction

The Geotechnical Engineering Office (GEO) has been

operating a territory-wide Landslip Warning System, in

conjunction with the Hong Kong Observatory (HKO),

since 1977. The purpose is to alert the general public of

possible landslide risks during periods of heavy rainfall.

The operation of the Landslip Warning System requires

information on real-time rainfall and sufficiently reliable

short-term forecasts of rainfall, together with a good under-

standing of the relationship between rainfall and landslides.

An extensive network of automatic raingauges has been

installed to provide real-time information on the actual

rainfall. Over the years, various measures and initiatives

have been taken to enhance the efficiency and reliability of

the Raingauge System. This system provides real-time infor-

mation on actual and forecasted rainfall for more effective

decision-making on whether and when to issue a landslip

warning.

Various improvements in the rainfall-landslide correla-

tion models have been made over the years. These have led

to more reliable prediction of landslides and hence to better

performance of the Landslip Warning System.

The recent development of storm-based rainfall-natural

terrain landslide correlations has resulted in the formulation

of a new Natural Terrain Landslip Alert framework for

enhanced landslide emergency preparedness.

This paper gives an overview of the major components of

the Landslip Warning System and consolidates the extensive

experience in using the system as a risk management tool.

The key elements of the Raingauge System, together with

recent improvement measures, are described. The develop-

ment work undertaken to establish the prevailing rainfall-
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landslide correlations for man-made slope failures and the

Natural Terrain Landslip Alert framework respectively are

summarized.

GEO Raingauge System

The GEO has been operating an extensive automatic

raingauge network to provide real-time rainfall information

for use in the Landslip Warning System since 1984. The

efficiency and reliability of the raingauge network has been

enhanced by various measures, including the improvement

of network coverage, system robustness, information dis-

semination and system architecture.

The existing network (Fig. 1) comprises 88 GEO and 22

HKO automatic raingauge field stations with an average

raingauge density of 10 km2/gauge. Real-time rainfall data

from the GEO raingauges are transmitted via a General

Packet Radio Service (GPRS) network and Metro Ethernet

network services at 5-min intervals to the GEO Control

Centre, which is equipped with a number of server

computers (i.e. the GEO computer system) for receiving

and processing the data. Data transmission and data sharing

between HKO and GEO is carried out by means of dedicated

leased lines.

Each field raingauge station consists of a tipping bucket

rainfall measuring unit and a data-logger (with an internal

modem) powered by solar energy (Fig. 2). To ensure reliable

rainfall data acquisition by the field raingauge stations, each

raingauge is calibrated and tested before the onset of the wet

season each year.

Computer programs are developed for the operation of the

GEO computer system. They are implemented together with

other proprietary software packages to acquire and analyse

real-time rainfall data from the raingauges, display situation

of rainfall development (such as rainfall contour maps,

cumulative rainfall curves, etc.) and predict the number of

landslides (based on 24-h recorded rainfall, 21-h recorded

rainfall + 3-h forecasted rainfall, and 23-h recorded rain-

fall + 1-h forecasted rainfall respectively) using a rainfall-

landslide correlationmodel. The predicted landslide numbers

are checked automatically against the pre-defined criteria for

issuing a Landslip Warning. Rainfall and landslip warning-

related information is disseminated through both Intranet and

Internet. Authorized users can access the information using

desktop computers, notebook computers, tablets or smart

phones. Figure 3 shows the diagramatic structure of the

GEO Raingauge System.

In addition to real-time rainfall data, short-term rainfall

forecasting data (1-h to 3-h) provided by HKO are

incorporated in the Raingauge System to support decision-

making on the issuing of Landslip Warnings. The rainfall

forecast is provided by HKO’s Short-Range Warning of

Fig. 1 Locations of GEO and HKO field raingauge stations

Fig. 2 Field raingauge station

GPRS

GEO Control Centre
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Fig. 3 GEO raingauge system
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Intense Rainstorms in Localized Systems (SWIRLS)

(Li et al. 2000). SWIRLS operates based on real-time corre-

lation between radar echo intensity and rainfall amount

recorded on the ground by raingauges, and consideration of

predicted rain cloud movements.

Currently, the GEO Raingauge System is in the process of

being revamped. The system hardware is being upgraded

and the system architecture will be streamlined with a view

to improving the system reliability and performance. The

frequency of real-time data transmission will also be

increased from 5 to 1 min.

The GEO is exploring the possible use of HKO’s real-

time rainfall data generated by the radar-raingauge co-

Kriging technique (Yeung et al. 2010) in operating the

Landslip Warning System. This advanced quantitative pre-

cipitation estimate technique could help to produce a more

realistic rainfall distribution pattern, in particular in areas

where the raingauge density is low (such as the boundary

areas of the territory). In addition, HKO is exploring

the feasibility of providing medium-term (2–3 days) proba-

bilistic rainfall forecasts based on numerical weather

prediction model outputs to improve landslide emergency

preparedness.

Evolution of Rainfall-Landslide Correlation
Models

From 1977 to 1984, the Landslip Warning System was

operated based on the rainfall threshold model of Lumb

(1975). Brand et al. (1984) reported on the work carried

out for the development of Landslip Warning Criteria in

the early 1980s, which were used for much of the 1980s

and 1990s. These two models were largely based on the

rainfall threshold concept, i.e. the rainfall intensity above

which a large number of landslides would occur, as observed

in past rainstorms. The system at that time was operated

based on the rainfall recorded by a single raingauge.

The rainfall-landslide correlations were completely

revamped in the late 1990s. At that time, the focus of the

development work on rainfall-landslide correlations turned

to statistical analyses of the relationship between rainfall

intensity and landslide density/probability. Such analyses

became possible because of the availability of a more com-

plete catalogue of slopes, and more comprehensive data on

the time of occurrence, spatial and temporal distribution of

landslides and rainfall intensity since the 1980s.

The third generation rainfall-landslide correlation model

was established based on the work of Pun et al. (1999). The

model was used to operate the Landslip Warning in the late

1990s until 2003. It was subsequently replaced by the fourth

generation correlation model based on the framework pro-

posed by Yu et al. (2003).

Prevailing Rainfall-Landslide Correlations
for Man-Made Slopes

The prevailing Landslip Warning Algorithm is based on the

fourth generation rainfall-landslide correlation model. It

adopts a probability-based framework, which can be

integrated with the spatial distribution of the registered

man-made slopes and the spatial and temporal variation of

rainfall to predict the number and distribution of landslides.

Rainfall and landslide data obtained from 1996 to 2010 are

used. The model allows a realistic projection of the landslide

pattern in real time as the rainfall pattern develops, which is

essential for effective operation of the Landslip Warning

System.

From experience, different types of man-made slopes

have different responses to the same rainfall intensities. A

rainfall-landslide frequency correlation has been developed

for each of the four main types of man-made slopes in Hong

Kong, namely soil cut slopes, rock cut slopes, fill slopes and

retaining walls (Fig. 4). For all of the four correlation

models, the correlation lines correspond to a bi-linear rela-

tionship between landslide frequency and rainfall intensity.

The gradients of the lines (in semi-log scale) are signifi-

cantly greater for rainfall with lower intensity than those

for rainfall with higher intensity.

Issue of Landslip Warnings

The prevailing Landslip Warning Trigger Level is at a

point when the predicted landslide number over the terri-

tory equals or exceeds 15, with a consideration of both

recorded rainfall and short-term rainfall forecasts. This

generally corresponds to a situation where a large part of

the territory is subject to a rolling 24-h rainfall in the range

between 150 mm and 250 mm. Based on the experience

gained over the past 10 years, setting the Landslip Warning

Trigger Level at 15 predicted landslides could achieve

satisfying results in terms of landslide emergency prepared-

ness (e.g. mobilization of an emergency control centre and

emergency teams on stand-by for inspection of landslides

and provision of advice on emergency actions or measures

to reduce landslide risk) and warning provision to the

public.

Decision-making on the issue of a Landslip Warning is

not a straightward process. It usually involves a lot of expert

judgement. When deciding on whether a Landslip Warning

is to be issued and its timing of issue, factors such as the real-

time predicted landslide number, the actual reported land-

slide number at the time, and the uncertainty of rainfall

forecast, etc., need to be considered. Close communication
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has to be maintained between GEO and HKO. The workflow

of the prevailing Landslip Warning algorithm is shown in

Fig. 5.

When a Landslip Warning is issued, local radio and

television stations are notified and requested to broadcast

the warning to the public at regular intervals, together with
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advice on the precautionary measures that should be taken

by the general public.

Landslip Potential Index

The GEO has developed an index, called the Landslide

Potential Index (LPI), to describe the rainstorm severity

with respect to its potential to cause landslides (GEO

2009). The LPI of a rainstorm is determined based on the

probable number of landslides that could be caused by a

given storm relative to the Kwun Lung Lau landslide event

of July 1994. The rainstorm in July 1994 caused the Kwun

Lung Lau landslide, with five fatalities and three serious

injuries, and it is set with an LPI of 10. A rainstorm with

an LPI of 5 could be considered to be half as severe as the

Kwun Lung Lau rainstorm in causing landslides. To enable

the public to better understand the severity of a rainstorm

with the issue of the Landslip Warning, the LPI of

the rainstorm will be uploaded onto the Hong Kong Slope

Safety Website (http://hkss.cedd.gov.hk/hkss/eng/index.

aspx) within a week after the cancellation of a Landslip

Warning.

Natural Terrain Landslip Alert Criteria

General

Past experience shows that in extreme rainstorm events (like

the June 2008 rainstorm which resulted in about 2,400 natu-

ral terrain landslides), very different hazard scenarios and

landslide patterns would result when compared to a moder-

ately heavy rainstorm event (e.g. 24-h rainfall of about

200–300 mm). This would likely result in significant

implications for emergency preparedness and response

planning.

Establishment of Storm-Based Rainfall-Natural
Terrain Landslide Correlations

The prediction of the spatial distribution and number of

natural terrain landslides during a storm forms the operation

basis of the Natural Terrain Landslip Alert Criteria. Practical

and reliable storm-based rainfall-landslide correlations are

required.

With the use of the 1985–2008 natural terrain landslide

data from the Enhanced Natural Terrain Landslide Inventory

(MFJV 2007) and inspections for natural terrain landslides

of the June 2008 rainstorm, two sets of storm-based rainfall-

landslide correlations have been developed using statistical

methods. One is based on normalized maximum rolling 24-h

rainfall and the other on combined consideration of

normalized maximum rolling 4-h and 24-h rainfalls

(Fig. 6a, b) (Chan et al. 2012).

Consideration of Spatial Effects of Landslide
Risk

Natural terrain landslides occurring in different regions of

Hong Kong pose different risk levels due to variation in the

development settings. The relative risk levels for different

regions may be better reflected by suitable scaling up the

predicted number of natural terrain landslides in more devel-

oped areas to account for the likely corresponding conse-

quence and hence landslide risk.

Based on the broad development settings, the whole

territory is divided into five regions and a scaling factor is

assigned to each region. The scaling factors are used to scale

the predicted number of landslides in order to derive an

equivalent number of natural terrain landslides that are

notionally ‘felt’ by the community and hence relevant to

landslide alert consideration.

Fig. 6 Storm-based rainfall-natural terrain landslide correlations.

(a) Correlation based on normalized maximum rolling 24-h rainfall.

(b) Correlation based on normalized maximum rolling 4-h and 24-h

rainfalls
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Three-Tier Natural Terrain Landslip Alert
Criteria

The Natural Terrain Landslip Alert Criteria are a three-tier

alert system (Table 1). The alert levels are determined on the

basis of the actual recorded rainfall and an equivalent num-

ber of predicted natural terrain landslides, which accounts

for the relative landslide risks of different regions.

The number of natural terrain landslides may be predicted

using the mean correlation shown in Fig. 6a (i.e. the correla-

tion based on normalized maximum rolling 24-h rainfall) or

b (i.e. the correlation based on combined normalized maxi-

mum rolling 4-h and 24-h rainfalls), or a combination of the

respective correlations.

A calibration exercise using ten previous severe

rainstorms which caused several hundreds to over 2,000

natural terrain landslides since 1985 showed that a better

fit could be obtained using the mean of the predicted number

of landslides of both correlations.

With this Natural Terrain Landslip Alert framework, it is

expected that on average five alerts would be issued in about

25 years, with a Level 2/Level 3 alert being issued about

once every 10 years.

Implementation

The new alert criteria for natural terrain landslides are being

operated as internal alerts for reference by Government

emergency managers. For example, when widespread natu-

ral terrain landslides are predicted, the arrangement within

the GEO is to mobilize special standby emergency teams

comprising professionals with requisite engineering geolog-

ical expertise to inspect the natural terrain landslides and

assess the residual risks.

Conclusions

Significant efforts have been made to continuously

improve the Landslip Warning System in Hong Kong

over the years. A revamp project of the GEO Raingauge

System is in progress to further improve the system

performance and reliability in order to better support

decision-making on the issuing of Landslip Warnings.

The probabilistic-based rainfall-landslide correlation

model for man-made slopes, established based on the

most recent landslide and rainfall data, is being used in

the current Landslip Warning algorithm. A new set of

Natural Terrain Landslip Alert Criteria has been addition-

ally formulated for internal use for enhanced landslide

emergency preparedness in respect of widespread natural

terrain landslide events.
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A Multi-Scaled Early Warning Method for
Rainfall-Induced Mountain Hazards

Zong-ji Yang, Jian-ping Qiao, Dong Huang, Hong-ling Tian, Yuan-jun Jiang,
and Lili Shi

Abstract

The magnitude 8 (8M) earthquake (“Wenchaun earthquake”) that hit Sichuan province on

May 12, 2008 highlighted the need for the development of large-scale early warning systems

in the region surrounding the Longmenshan fault. Many of the deaths from this disaster were

not from the earthquake itself, but from the landslides and other hazards that it caused. To this

end, real-time monitoring and early warning of mountainous hazards (e.g. landslides, debris

flows) are efficient non-engineering measures for disaster prevention and mitigation. Thus, to

ensure effective disaster prediction and reduction within this region, a system of real-time

regional and site-specific monitoring of mountainous hazards, coupled with early warning, is

necessary. We propose here a multi-scaled, real-time early warning method. It combines

large-scale regional hazard calculations and site-specific hazard monitoring with subsequent

early warning. Real-time monitoring and early warning systems were constructed in five

mountain hazard sites along the Longmenshan fault line, including three debris flow and two

landslide zones. For early disaster warning, the threshold value of precipitation needed to

trigger the post-earthquake mountainous hazard should be measured. However, identification

of such threshold values is one of the most difficult issues for regional and site-specific

mountainous hazard monitoring and early warning systems. To account for this difficulty,

this study utilized a natural coseismic landslide from the Taziping Village of Hongkou

County in Dujianyan City to identify the critical values and threshold parameters that

resulted. After this experimental field test, the correlation of rainfall intensity with rainfall

duration was calculated. The results indicated that the experimental field test was capable of

identifying the threshold factors for the rainfall-induced mountain hazards.

Keywords

Mountain hazards � Early warning � Multi-scaled � Threshold identification � Rainfall induced

Introduction

After the 8M Wenchuan earthquake in 2008, the number

and scale of mountain hazards it triggered were of a

magnitude never before seen in China. One of the most

damaging post-earthquake effects was rainfall-induced

debris flows. These flows, while inherently dangerous,

were made even more ruinous through being enhanced by

the dramatically altered terrain (e.g. slope failures) brought

on by the earthquake. These post-earthquake, rainfall-

induced hazards became the most dangerous threat to the
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area and caused catastrophic destruction to the Wenchuan

earthquake-hit region of Sichuan province. In the past, the

most important tools to counteract the effects of such hazards

have been mechanical in nature. For example, retaining walls

and ground anchors have been widely used to prevent slope

failures. However, they are expensive and it is not realistic

to apply mechanical measures at every potential site of

slope failure. Moreover, mountain hazard sites are extremely

common in the Wenchuan earthquake region, with most

occurring at extremely large scales. Therefore, careful real-

time monitoring and early warning of such hazards at both

regional and site-specific scales is a reasonable alternative in

the Wenchuan earthquake region. Past multi-disciplinary

work using this approach achieved significant improvements

in both mountain hazard monitoring and early warning. We

propose here a multi-scale, real-time early warning method,

which combines large-scale regional hazard maps as well as

site-specific scale hazard site monitoring.

Multi-Scale, Real-Time Early Warning

Monitoring and early warning are two of the most efficient

ways to mitigate mountain hazards such as landslides and

debris flows. The combination of regional scale early warn-

ing and site-specific monitoring proposed in this study are

aimed at making the early warning more accurate and pre-

cise. First, the riskiest areas were determined based on the

rainfall distribution map and hazards zonation map during a

specified rainfall period. These risk-areas then had site-

specific hazards sites identified so that the local communities

could be monitored. Residents within these hazardous areas

could then decide to evacuate by using the calculated thresh-

old value for site-specific disasters within their area (Fig. 1).

The real-time early warning map for regional scale

rainfall-induced mountain hazards was developed by con-

sidering the triggering factor of rainfall distribution, in addi-

tion to pertinent environment factors. The probability-based

prediction method of regional scale rainfall-induced moun-

tain hazards was developed by combining the hazard zona-

tion map with the probability of regional precipitation. The

prediction model was established through the analysis of

geological and hydrological factors of the specified area,

combined with the analysis of mountain hazard occurrences

and the corresponding regional precipitation data. A site-

specific, real-time monitoring and early warning system was

constructed for five mountain hazard sites, including three

debris flow and two landslide zones along the Longmenshan

fault in Dujiangyan and Pengzhou County, Chengdu City

(Fig. 2). In order to provide early warning prior to a potential

rainfall-induced hazard, historical and experimental data

were used to calculate the threshold value of precipitation

from each of the individual monitoring sites.

Study Area

The study area is the region of the city of Chengdu, which is

located in the middle of Sichuan province. This area was

hard-hit by the 8M Wenchuan earthquake and was heavily

damaged. The region of Chengdu city covers about

12,390 km2, with a latitude range of 30�050 to 31�260N,
and longitude range of 102�540 to 104�530E. The study

area is situated in a subtropical humid monsoon climate

zone, with an annual average temperature of 16.7�. The
annual average precipitation is about 1,234.8 mm, with a

maximum of 1,605.4 mm in 1978. Rainfall is most

concentrated in the period between June and September.

Precipitation decreases from southeast to northwest, where

the average precipitation is about 1,800 mm. The landforms

of the area change from high mountains to middle mountains

and small hills, ultimately ending in a flat plain. The eleva-

tion in the study area ranges from a minimum of 387 m

Fig. 1 Framework of multi-scale, real-time early warning system

Fig. 2 Location and spatial probability map of study area
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above sea level (a.s.l.) to a maximum of 5,364 m a.s.l., with

about a 5,000 m height difference. About two-thirds of the

Chengdu city region lies within mountainous areas while the

remaining one-third is a flat plain. The Minjiang River and

its branches drain this area. Geologically, this area is located

along a tectonic-transition belt between the Chengdu plain

and Longquanshan Mountains. In turn, they are a part

of the Cathaysian structural system, which also belongs

to the Yangtze para-platform and the Qinghai-Tibet quasi-

geosynclinal area. There are three major pressure-shear

faults crossing the area, all with a northeast orientation.

These faults include the Beichuan-Yinxiu faults, the

Longquanshan faults and the Guanxian faults. The study

area is underlain by bedrock varying in age from the Quater-

nary period to the Proterozoic eon. The average thickness of

the crust is approximately 20,000 m. The strata include

sandstones, mudstones carbonates, carbonates intercalated

with clastics, igneous rocks, metamorphic rocks and shale,

as well as unconsolidated Quaternary deposit layers.

Early Warning Method

Providing regional scale, early warning for mountain hazards

is often very difficult because their mechanisms of action vary

greatly from place to place. Moreover, the factors affecting

slope stability are closely interconnected and can vary greatly.

Factors that can affect the slope stability can be divided into

two categories: preparatory factors and external triggering

factors (Qiao et al. 2009; Yang et al. 2010a, b; Tian et al.

2010; Huang and Yuin 2010). Preparatory factors mainly

include geological circumstance and geomorphology settings.

External triggering factors, however, provide external

dynamic conditions for mountain hazards to develop. Both

preparatory and triggering factors affect the occurrence of

mountain hazards. The former have a spatial distribution,

which can be delineated by the regional mountain hazards

assessment zonation (Qiao et al. 2004; Wang et al. 2010),

while the latter possesses a temporal distribution which can

change over time, thus making it more difficult to account for

in early warning scenarios. As a consequence, “hazards zona-
tion mapping” is often conducted in a manner in which the

triggering factors of mountain hazards are not considered in

determining the probability of mountain hazard occurrences.

Alternatively, direct overlaying of the annual precipitation

contour map can also be problematic in conducting hazard

zonation mapping, even within the same region, because there

are differences in rainfall across space and time. In this study,

the real-time prediction map for rainfall-induced mountain

hazards was developed by considering the triggering factors

related to rainfall distribution in addition to relevant environ-

mental factors. The probability-based prediction method of

rainfall-induced regional mountain hazards was proposed

through a combination of mountain hazard zonation and the

probability of regional precipitation (Fig. 3). The prediction

model was established through the analysis of geological and

hydrological factors of the specified study area, which was

combined with the analysis of mountain hazards occurrence

data and corresponding precipitation data (Yang et al. 2012).

A site-specific, real-time monitoring and early warning

system for five typical mountain hazards sites was constructed

in Dujiangyan and Pengzhou County, Chengdu City. These

five sites were along the Longmenshan fault and included the

two major mountain hazards: debris flows (three sites) and

landslides (two sites). The system monitored the behaviour of

rainfall-triggered mountain hazards with both inexpensive

and sophisticated sensors. Inclinometers are a low-cost and

simple monitoring method for rainfall-induced landslides.

They use tilt sensors on the surface of a given slope to detect

abnormal deformation; these sensors are coupled to a wireless

sensor unit with a MEMS tilt sensor and a volumetric water

content sensor (Towhata et al. 2011; Uchimura et al. 2010,

2011). Other tools included rainfall gauges, pore pressure

meters, water content meters, a video monitoring system for

both landslides and debris flows, ultrasonic mud level meters,

and infrasound monitoring meters for debris flows (Fig. 4).

All data gathered from these devices were subsequently gath-

ered and transferred through a wireless network.

Identification of Threshold Values

In order to effectively carry out disaster reduction and early

warning, the threshold value of the precipitation that most

probably triggers post-earthquake mountain hazards should

be determined.

Fig. 3 Framework of regional scale early warning method
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Statistical Rainfall Threshold

In every year following the Wenchuan earthquake, heavy

rainstorms have triggered significant debris flows within the

region. For example, on August 13th 2010, heavy rainstorms

triggered debris flows in Qingping County, Longchi County

and Yingxiu County. These debris flows had a high correla-

tion with the both the active fault and high earthquake

intensities. These correlations reflect the damaging, com-

pound effect of earthquakes and heavy rainfall. Past research

has focused on other earthquake-hit regions to determine the

threshold value of precipitation. The amount of accumulated

precipitation as well as the rainfall intensity needed to trig-

ger mountain hazards have been greatly reduced following

the earthquake, based on comparisons with data from before

the earthquake. Generally speaking, empirical and statistical

methods can be used to define the threshold value of rainfall-

triggered mountain hazards on a regional scale, by compar-

ing the statistics of mountain hazards with the rainfall data

from the latest rainfall-induced mountain hazards recorded

within the Wenchuan earthquake region. From these data the

rainfall needed to cause regional mountain hazards can be

calculated (Fig. 5). Although the sample size is limited, by

comparing the rainfall required to trigger debris flows we

can also use the assumptions of the triggering values from

the past events, as shown in Fig. 5, because geological

settings show some common influence on regional scale

mountain hazards; e.g. in the south section the geology

consists of mainly magmatic rocks, while in north section,

it is metamorphic rocks. As shown in Fig. 5, an approximate

threshold value was proposed. As can be seen from Fig. 5,

the average 24-h cumulative rainfall is 149 mm and the

average 1-h rainfall intensity is 36.3 mm/h in the south

section of the earthquake region. The north section shows

an average 24-h cumulative rainfall of 248 mm and an

average 1-h rainfall intensity of 55 mm/h.

Experimental Identification of Threshold Value

An artificial rainfall test was conducted on a monitored

slope of a weathered, andesitic deposit in order to observe

both the critical threshold value and the correlation with

pre-failure behaviours for that slope. The monitoring site

was located on Taziping landslide slope in Dujiangyan

County, Sichuan Province. Figure 6 illustrates a cross-section

of experimental test on this slope, while a photo of the site

with the monitoring instruments is shown in Fig. 7.

The slope consisted of loose gravel and sand. The blow

counts were determined by portable dynamic cone penetra-

tion test and were found to be less than 10 for 10 cm of

penetration. The slope angle was around 18�, and its lower

end was excavated for a depth of 1.4 m with an angle of 40�.
Then, artificial heavy rainfall was mimicked, as shown in

Fig. 8. Major deformation was observed and the slope failed

progressively from the bottom up, with a scarp angle of

40–50�. The final shape of the scarp is shown with a thick,

broken line in Fig. 9. The progression of artificial rainfall

tests and the rainfall parameters are shown in Table 1 and the

Fig. 4 Photos of site-specific, real-time monitoring and early warning

system
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Fig. 6 Cross-section of artificial rainfall test

622 Z.-j. Yang et al.



record of rainfall intensity of all six slope failure and

major deformations was found to be between 29.4 and

54.2 mm/h. Finally, the average rainfall intensity was

48.1 mm/h, which can be defined as the threshold value

for the failure of the slope.

Figure 10 shows Intensity-Duration (I-D) plots for

rainfall-induced mountain hazard threshold values that

have been widely adopted in early warning slope failures

(Huang et al. 2010). Figure 10 indicates that these threshold

I–D relationships vary widely, suggesting that a high degree

of uncertainty is always associated in using these empirical

relationships.

The comparison also suggests that these greatly varied

thresholds may be a result of various geological and envi-

ronmental conditions in the source area. Such variation has

often been ignored in many studies of rainfall threshold

identification. As a result, by experimental tests on the

natural slope of Taziping landslide, the meteorology-based

I-D thresholds of slope failure can be more accurate for

rainfall induced early warning of Taziping landslide failure.

The correlation of rainfall intensity and rainfall duration

(I-D plots) was given as shown in Fig. 10.

This can be applied to early warning by comparing

the I-D envelope with real-time monitoring rainfall data.

If the monitoring rainfall intensity in Taziping landslide

is about 45 mm/h, local residents must be cautious

because slope failure may occur in hours, while the

situation should be quite urgent if the monitoring rain-

fall intensity is up to 120 mm/h according to the I-D

envelope in the Taziping landslide. The I-D envelope can

be summarized in the following formula by analysing

experimental data:

I ¼ 155:2T0:17, ð1Þ

where I-rainfall intensity and T-rainfall duration. By the

formula above, an envelope threshold for the early warning

of Taziping landslide may give guidance and an approximate

time for evacuation and preparation for potential landsides

by comparing monitoring rainfall intensities and its duration.

Fig. 7 Photo of the site together with the instruments
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Fig. 8 Rainfall of the site for the artificial rainfall test

Fig. 9 The final shape of scarp and slope after failures, demonstrating

progressive failure during the test

Table 1 Artificial rain test parameters and results

Failure

Time

(m:s)

Rain intensity

(mm/h)

Volume of failure

(m3)

1 9:08 54.2 0.23

2 10:59 43.4 0.85

3 11:48 79.2 0.24

4 14:15 45.0 0.50

5 15:29 29.4 0.40

6 16:36 37.6 0.12

Average – 48.1 0.39
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Conclusion

The compound effect of an earthquake with subsequent

rainfall can trigger massive debris flows in earthquake-hit

areas. The early warning of rainfall-induced mountain

hazards such as landslides and debris flows have an

intrinsically high uncertainty and are thus, difficult to

predict. To improve the accuracy of mountain hazard

early warnings will require a better understanding of the

mechanisms responsible for internal-response-based

slope failure. This study proposed a multi-scale, early

warning method for rainfall-induced mountain hazards.

The model combined regional and site-specific hazards

that were then applied to Chengdu City. A monitored

artificial rainfall test was then conducted on a natural

slope and was used to identify the threshold value to elicit

an early warning. In the future, the I–D criterion, along

with the statistics results proposed here, will be useful for

more accurate slope failure predictions in Taziping land-

slide. Admittedly, a limited test with an artificial slope

may in practice not give good results, while the method,

which is based on multi-scaled early warning and detailed

works of experimental tests and statistics on individual

monitoring sites, may enhance the accuracy of early

warning for mountain hazards based on continuous

verifications with monitoring data. In this manner, it is

hoped that the destruction and loss of life resulting from

such disasters can be mitigated.
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Laboratory Studies on Slope Stability Monitoring
Using Distributed Fiber-Optic Sensing Technologies

Hong-Hu Zhu, Bin Shi, Jun-Fan Yan, Cheng-Cheng Zhang, Jie Zhang,
and Zhan-Pu Song

Abstract

The advances in distributed fiber optic sensing (DFOS) technologies enable automatic,

remote and long-distance slope monitoring and early-warning of potential geological

disasters. Compared with conventional geotechnical instruments, the fiber optic sensors

have a number of advantages such as higher accuracy and repeatability, better durability,

and enhanced integration capability. In this paper, the quasi-distributed Fiber Bragg

Grating (FBG) and fully-distributed Brillouin Optical Time-Domain Analysis (BOTDA)

sensing technologies are applied for monitoring of slope stability problems in laboratory

model tests. The sensing principles and the implementation methods are introduced,

followed by two case studies. The fiber optic sensors were embedded in the model slopes

for strain monitoring of a soil mass during seepage and surcharge loading, respectively. The

reliability of the DFOS based slope monitoring systems has been verified through the

analyses of the strain monitoring results.

Keywords

Fiber optic sensing � Slope monitoring � Geotechnical instrumentation

Introduction

Geotechnical instrumentation plays an important role in

evaluating slope stability and identifying potential landslide

hazards. Currently, typical shortcomings associated with

many conventional monitoring technologies of slope stabil-

ity include low long-term accuracy, poor durability, and

limited integration capability. Additionally, the collected

measurement data from discrete locations can hardly reflect

the overall stability of a slope.

The advances in distributed fiber optic sensing (DFOS)

technologies enable automatic, remote and long-distance

slope monitoring and early-warning of geological disasters

(Dunnicliff 1993; Shi et al. 2003). These technologies have

been successfully applied for the health monitoring of a

variety of civil infrastructures, such as bridges, high-rise

buildings, and tunnels (Shi et al. 2003; Zhang et al. 2006;

Wang et al. 2013). The fiber optic sensors not only have

the advantages of immunity to electromagnetic interference,

tiny size, high accuracy and repeatability, and excellent

durability, but also can be integrated to form a quasi-

distributed or fully-distributed fiber optic sensing network

(see Fig. 1). In recent years, the potential of the DFOS-based

slope monitoring system has been recognized all over the

world (Yoshida et al. 2007; Ho et al. 2006; Iten et al. 2008;

H.-H. Zhu (*)

School of Earth Sciences and Engineering, Nanjing University,

163 Xianlin Avenue, Nanjing 210046, China

Nanjing University High-tech Institute at Suzhou, 150 Ren’ai Road,
Suzhou 215123, China

e-mail: zhh@nju.edu.cn

B. Shi � J.-F. Yan � C.-C. Zhang � Z.-P. Song
School of Earth Sciences and Engineering, Nanjing University,

163 Xianlin Avenue, Nanjing 210046, China

e-mail: shibin@nju.edu.cn; yjf880326@126.com;

zhangchengcheng@gmail.com; 157077450@qq.com

J. Zhang

Department of Geotechnical Engineering, Tongji University,

1239 Siping Road, Shanghai 200092, China

e-mail: cezhangjie@tongji.edu.cn

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2,
DOI 10.1007/978-3-319-05050-8_97, # Springer International Publishing Switzerland 2014

625

mailto:zhh@nju.edu.cn
mailto:shibin@nju.edu.cn
mailto:yjf880326@126.com
mailto:zhangchengcheng@gmail.com
mailto:157077450@qq.com
mailto:cezhangjie@tongji.edu.cn


Shi et al. 2008; Wang et al. 2009; Pei et al. 2011; Zhu

et al. 2011, 2012). However, the performance evaluation

of slopes based on the DFOS monitoring results is quite

different from conventional methods and requires further

investigation.

In this paper, the DFOS technologies have been applied

to strain monitoring within small-scale model slopes in

two commonly encountered conditions. The strain variations

measured by the fiber optic sensors indicate the evolution

of stability condition of the model slopes under increased

surcharge loading and water seepage process, respectively.

The effectiveness of the DFOS system in monitoring slope

stability is verified.

Distributed Fiber Optic Sensing Technologies

Quasi-Distributed Fiber Bragg Grating
Technology

The photosensitivity in optical fiber was first discovered

by Hill et al. (1978). It was found that the Bragg wavelength

of the light that a Fiber Bragg Grating (FBG) sensor

reflects is strain and temperature dependent. A change in

strain or temperature will alter the Bragg wavelength and

can be formulated as follows (Othonos and Kalli 1999)

ΔλB
λB

¼ 1� peff
� �

Δεþ αþ ξð ÞΔT ð1Þ

where ΔλB is the change in the Bragg wavelength due

to strain and temperature changes; λB is the original

Bragg wavelength under strain free and 0 �C condition;

peff is the photo-elastic parameter; and α and ξ are the

thermal expansion and thermo-optic coefficients, respec-

tively. With the above features, the FBG sensors with

different Bragg wavelengths can be connected in series to

form a quasi-distributed sensing array with high accuracy.

The FBG sensor is by far the most commonly used fiber

optic sensor in civil engineering, as well as in fiber-optic

communication as the optical filter.

Fully-Distributed Brillouin Optical
Time-Domain Analysis Technologies

In the sensing technology of Brillouin optical time-domain

analysis (BOTDA), the Brillouin frequency shift of the

scattering light of a single-mode optical fiber has a

linear relationship with the applied strain and temperature

(Horiguchi and Tateda 1989). This relationship can be

expressed by (Bernini et al. 2002)

vB ε; Tð Þ ¼ vB ε0; T0ð Þ þ ∂vB ε; Tð Þ
∂ε

� ε� ε0ð Þ

þ ∂vB ε; Tð Þ
∂T

� T � T0ð Þ ð2Þ

where vB(ε, T) and vB(ε0, T0) are the frequency shift

of the Brillouin scattering light before and after the measure-

ment, respectively; ε and ε0 are the axial strain before

and after the measurement, respectively; T and T0 are the

temperature before and after the measurement, respectively;

and the coefficients ∂vB(ε, T)/∂ε and ∂vB(ε, T)/∂T are

0.05 MHz/με and 1.2 MHz/�C, respectively. The measured

strain and temperature is expressed as the averaged value

Fig. 1 Comparison of different types of slope monitoring technologies.

(a) In point-measurement, (b) quasi-distributed measurement, (c) fully-

distributed measurement
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over its spatial resolution. Using BOTDA technology, the

strain and temperature generated in optical fibers of the

length up to 25 km can be measured as distributed in the

longitudinal direction (Neubrex Co. Ltd 2011).

Applications to Laboratory Model Tests

Case 1: Strain Monitoring of a Soil Slope Under
Seepage

In order to investigate the influence of reservoir operation on

the deformation pattern of adjacent slopes and verify the

effectiveness of FBG technology in slope stability monitor-

ing, a small-scale model test of soil slope was conducted in

Key Laboratory of Distributed Sensing & Monitoring Tech-

nology in Infrastructure Engineering of Suzhou, China. This

model test was performed under 1 g condition in a steel

chamber with a length of 3 m and a width of 1.5 m. Figure 2

shows the setup of the model test.

The model slope has a slope angle of 45�. During model

construction, a single-mode optical fiber containing nine

FBG strain sensors connected in series was embedded in

the slope mass. The FBG sensors were coated using a

tight-buffer PVC coating so as to protect them from damage

during installation. An sm125 FBG optical sensing interro-

gator was employed to record real-time data. During testing,

the groundwater level inside the slope was varied by chang-

ing the water levels in the water chambers at the two sides of

the model slope, so that water seepage inside the slope mass

was induced.

Figure 3 presents the horizontal strain results measured

by three embedded FBG sensors during the model test. The

monitoring results show that:

1. When the water level inside the slope mass was

manually increased, the measured horizontal strains

increased at a considerable high rate. This strain variation

corresponds to increased horizontal mass movement,

which is normally considered as a sign for slope stability

deterioration.

2. When the water level of the reservoir fell suddenly, the

horizontal strains accumulated rapidly and reached their

peaks. This indicates that the slope movement, especially

the horizontal component, is quite evidently affected by

the drawdown of the reservoir level. For a slope with

marginal stability, seepage-triggered slope instability is

likely to occur.

3. After the rapid drawdown of reservoir, water level inside

the model slope dropped gradually. There were consider-

able plastic strains in the slope mass after the seepage

circle/water level fluctuation circle.

This experimental study verifies that the distributed fiber

optic sensors can capture the strain variations within the

model slope subjected to seepage, which is important for

slope stability monitoring.

Case 2: Strain Monitoring of a Loaded Soil
Nailed Slope

To verify the effectiveness of the fully-distributed BOTDA

technology for slope stability monitoring with surface sur-

charge, a laboratory slope model test was conducted. The

model slope has a slope height of 0.8 m and a base height of

0.5 m. The surcharge loading was applied on the slope crest,

as shown in Fig. 4.

The BOTDA sensing network was established to monitor

strain distributions within the model slope. During model

construction, three layers of 0.9 mm-diameter sensing fibers

were horizontally embedded in the slope mass. Eight char-

acteristic points were prepared along the fiber in order to

facilitate the identification of the boundary of each segment.

For every point, a 1-m-long sensing fiber was looped and

packaged in a plastic box for temperature compensation.

Fig. 2 Photo of the model test for Case 1
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Figure 5 presents the fiber optic monitoring results. In

this figure, the line separating the active and passive zones

is the location of the critical slip surface computed by

limit equilibrium analysis performed using SLOPE/W.

The monitoring results show that the measured strain can

reasonably reflect the deformation behavior of the model

slope. With the increase of loading, the strains increased

as expected. When the critical condition of slope stability

was imminent, strain inhomogeneity within the model slope

became obvious. This phenomenon indicates that shear

strains accumulated within the soil mass and the slope slip

surface gradually formed.

According to the monitoring results, the strains of the

passive zone at a lower slope elevation were large while

the strains of the active zone were relatively small. For

the slope mass at a higher elevation, the active zone of the

slope had larger strains than the passive zone. The strain

distribution pattern seems to be dependent on the location of

the slope slip surface, which is reasonable.

Conclusions

In this paper, the working principles of two DFOS

technologies and their applications in laboratory-scale

model tests have been presented. The following

conclusions are drawn:

1. The model test of slope subjected to seepage shows that

the embedded FBG sensors can capture the strains

induced by seepage within a slope mass effectively. The

proposed installation and protection methods are proved

to be sufficient and effective.

2. The distributions of horizontal strain measured by the

BOTDA strain sensing fibers in the surface loaded

model slope indicate the development of potential slip

surface in the slope.

3. The capability of the DFOS technology to provide valu-

able data for performance evaluation of slopes with high

accuracy is verified. Slope stability assessment can be

implemented based on the distributed strain monitoring

results.
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A Landslide Monitoring and Early Warning System
Using Integration of GPS, TPS and Conventional
Geotechnical Monitoring Methods

Željko Arbanas, Kyoji Sassa, Osamu Nagai, Vedran Jagodnik, Martina Vivoda,
Sanja Dugonjić Jovančević, Josip Peranić, and Kristijan Ljutić

Abstract

An advanced comprehensive monitoring system was designed and used on the Grohovo

Landslide in Croatia. Equipment selection was based on scientific requirements and

consideration of possible ranges of monitored values and sensors precision. Establishment

of an early warning system and defining of alarm thresholds is based on existing knowledge

of the landslide behavior as well as collected comprehensive monitoring data. The focus of

the early warning system establishment at Grohovo Landslide was on an effective combi-

nation of sensors (equipment fusion) with respect to detecting device malfunctions and

reducing false alarms in the future. The weakest component in the Grohovo Landslide

monitoring system is power supply based on solar devices, field data collecting and the data

transmitting from the field PC to the control room at the University of Rijeka. This paper

presents the main ideas and advances of the monitoring equipment fusion as well as

weaknesses of the applied monitoring system at the Grohovo Landslide.

Keywords

Landslide � Monitoring system � Multiple sensors � Equipment fusion � Early warning

Introduction

Examples and case studies of comprehensive landslide mon-

itoring and early warning systems presented in scientific

papers are numerous but, because of the variability of land-

slide types and processes, targets of landslide investigation,

field conditions and ongoing technological development of

monitoring sensors, no standardization can be adopted as an

universal solution for system setups for landslide monitoring

(Arbanas et al. 2013). The landslide monitoring results

should provide a basis for development and validation of

landslide numerical modelling and adequate hazard manage-

ment. In practice many different techniques and different

type of sensors are used to monitor landslide activity. The

use of multiple sensors for the same purpose (equipment

fusion) and at the same position should be very useful to

guarantee redundancy of measurements that can prevent loss

of data if one instrument fails. Using the same position for

different types of monitoring sensors can also allow spatial

correlation of measurement data on the landslide surface and

inside the landslide profile. Use of different geodetic and

geotechnical sensors in combination with hydrological mon-

itoring equipment, which should measure data on precipita-

tion and pore pressures in the landslide profile allows

reconstruction of relationships between rainfall, ground-

water level and consequent landslide behavior as a base for
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establishing an early warning system. The most important

step in early warning system establishment is linking sensor

measurements and possible failure mechanisms with

consequences that should follow the occurrence of sliding

(landslide risk) (Arbanas et al. 2013).

Based on these presumptions, an advanced comprehensive

monitoring system was designed and used on the Grohovo

Landslide in Croatia. The Grohovo Landslide is the largest

active landslide along the Croatian part of the Adriatic coast,

located on the northeastern slope of the Rječina Valley near

the City of Rijeka. In 2009 the Croatian-Japanese joint

research project “Risk Identification and Land-Use Planning

for Disaster Mitigation of Landslides and Floods in Croatia”
was initiated, and Grohovo Landslide was chosen as a pilot

area for comprehensive monitoring, which includes geodetic

and geotechnical monitoring equipment installed from March

2011 to the end of 2011. It is planned to integrate all mea-

surement data in a unique system for landslide risk manage-

ment and an early warning system.

Characteristics, Historical Data and Hazard
Scenarios for the Grohovo Landslide

The Grohovo Landslide is near the City of Rijeka, the largest

Croatian port on the northeastern Adriatic coast. The landslide

area, situated on the Rječina River Valley slopes, is part of a

dominant morphostructural unit that strikes in the northwest-

southeast direction along the Rječina Valley, and continues to

the southeast through the Sušačka Draga Valley, Bakar Bay

and the Vinodol Valley (Velić and Vlahović 2009). The

Grohovo Landslide is on the north-eastern slope of a typical

karstic river originating from a strong karstic spring at the foot

of the Gorski Kotar Mountains. Cretaceous and Paleogene

limestone lie at the top of the slopes, while Paleogene

siliciclastic rocks (flysch deposits) are situated on the lower

parts of slopes and in the bottom of the Rječina River Valley.

The flysch complex is a block that has been squeezed between

the limestone rock blocks on the northeastern and southwest-

ern sides. The siliciclastic (flysch) bedrock is lithologically

heterogeneous, with common vertical and lateral alternations

of different lithological sequences. Petrological analysis of

the bedrock has shown the presence of silty marl, laminated

silt to silty shale and fine-grained sandstones (Benac et al.

2005, 2011). Unlike the limestone, flysch is prone to

weathering, with a clayey weathering zone forming over the

flysch bedrock. Over time, the coarse-grained fragments

originating from rockfalls were mixed with clay from the

weathered flysch zone, forming a slope with superficial

deposits a few metres thick.

According to historical documents in the Croatian State

Archive [State archive in Rijeka, Technical department

(1840–1918). (unpublished documents)] in Rijeka, the first

sliding in the Rječina Valley near the Grohovo Village

occurred in 1767, when numerous landslides and rockfalls

were caused by the 1750 earthquake, which had an epicenter

in the City of Rijeka. Large landslides triggered by rainfall

and floods were noticed on both river banks near the

Grohovo Village at the end of the nineteenth century

(Arbanas et al. 2012, Vivoda et al. 2012). Numerous

landslides occurred during the first half of the twentieth

century without significant damage to facilities on the river

banks. A new landslide on the nearby northeastern slope

occurred and was stabilized during construction of the Valići

Dam in 1960. Because of the relatively small volume of

the Valići Lake, the dam reservoir cannot hold the entire

inflow during heavy rain and a relatively large quantity of

water must be released in the downstream part of the Rječina

River. In these situations, erosion along the Rječina

River presents a possible landslide hazard (Mihalić and

Arbanas 2013).

The last complex retrogressive landslide (Fig. 1) was

reactivated in December 1996, at the location of the land-

slide from nineteenth century on the northeastern slope, with

significantly smaller volume, when about 1 � 106 m3

moved down the slope and buried the Rječina river channel.

Slip surfaces have been formed on the contact of the super-

ficial deposits and flysch bedrock. After this sliding occur-

rence, a complex composite landslide with 13 sliding bodies

developed retrogressively, including movements of the car-

bonate mega-blocks at the top of the slope (Benac et al.

2005). The landslide bodies represent different types of

mass movements, forming a total volume of approximately

3 � 106 m3. The geometry of the total complex landslide,

described according to WP/WLI Suggested Nomenclature

for Landslides (IAEG 1990), is as follows: L ¼ 425 m; Ld

¼ 420 m; Lr ¼405 m; Wd ¼ 200 m; Wr ¼ 200 m; Dd

¼ 6–20 m; Dr ¼ 6–9 (20) m; ΔH ¼ 165 m (Arbanas et al.

2012).

Based on existing monitoring results (Benac et al. 2005),

stability analyses of the wider landslide area, as well as

detailed 3D analyses of the reactivated landslide (Wang

et al. 2013a, Vivoda et al. 2013), a real hazard of further

sliding in the Rječina River Valley was identified. The main

risk is possible damming of the Rječina River, forming a

lake which could burst out as a possible water wave that

represents a serious danger to facilities as well as citizens in

the City of Rijeka, at the mouth of the Rječina River. Wid-

ening of the existing Grohovo Landslide could also destabi-

lize carbonate mega-blocks on the limestone scarp at the top

of the landslide, which would endanger villages at the top of

the slope. Another threat is the possibility of landslides on

slopes along Valići Lake and filling the lake with the land-

slide mass. In addition, other sliding phenomena can damage

buildings, roads and other facilities in different parts of the

valley (Arbanas et al. 2010, 2012).
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Comprehensive Monitoring System on the
Grohovo Landslide

Geodetic and Geotechnical Monitoring
Equipment

Geodetic monitoring consists of a robotic total station (Leica

TM30) measuring 25 geodetic benchmarks (prisms) and a

Global Positioning System (GPS) master unit (Leica

GMX901) with 9 GPS receivers (rovers). The robotic total

station and the GPS master unit are located in a relatively

stable area, on the top of the slope opposite to the landslide,

together with a meteorological sensor, and web cam (Figs. 2

and 3).

The robotic station measures 25 benchmarks (prisms)

located on the landslide body, on the top of the main scarp

and, as reference points, around the landslide, every 30 min.

The GPS network is composed of the GPS master unit,

which is a reference station for 4 single frequency GPS

rovers located in the landslide body, 3 single frequency

GPS rovers located on top of the limestone scarp above the

landslide, a single frequency GPS rover located on a dam

near the landslide, and 1 reference single frequency GPS

rover located on the roof of the Faculty building in

University Campus, chosen as a stable reference rover.

Data are transmitted by a Wi-Fi system from each rover to

the GPS master unit connected to the field master unit PC, in

which the GNSS Spider software creates measurement data

files. The master unit PC can be reached remotely by an

UMTS module from the main working station at the Faculty

of Civil Engineering. The robotic total station, master GPS

rover and field PC are powered from a windmill and solar

panel mini power plant (Fig. 2b), while other GPS rovers in

the landslide site use their own solar panel installations

(Fig. 2d). After installation in summer 2011, geodetic moni-

toring and data collection were started in September 2011.

The geotechnical monitoring system includes 2 vertical

inclinometers, and 4 wire extensometers; 13 long- and 3

short-span extensometers, 4 pore-pressure gauges, a weather

station and a rain gauge (Fig. 3). Pore-pressure gauges,

inclinometers and vertical extensometers are installed at

two locations inside the central part of the landslide body

at the same locations as the GPS rovers and prisms (Figs. 2d

and 3). Long-span extensometers (NetLG 501E Osasi, 13

pcs) are installed in a continuous line from the Rječina

riverbed to the limestone mega-blocks at the top of the

slope (Fig 3), while short-span extensometers (NetLG

501E Osasi, 3 pcs) are installed over the open cracks at the

top of the landslide. To obtain the measured data from the

Fig. 1 The Grohovo Landslide engineering geological map: 1-

Paleogene limestone; 2-superficial deposits; 3-recent alluvial sediments;

4-open cracks; 5-shearing cracks; 6-landslide toe; 7-initial landslide

body; 8-retrogressive landslide in development (Benac et al. 2011)

Fig. 2 Installed monitoring equipment (a) poles carrying robotic total

station, meteorological sensors, web cam, and GPS master unit, (b)

solar panels mini power plant, (c) geodetic prism in the field, (d) single

frequency GPS rover; container with the inclinometer, vertical

extensometers, pore pressure gauges inside, (e) GPS antenna and geo-

detic prism in fusion
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geotechnical monitoring equipment, it is necessary to down-

load data directly from the installed sensors.

All installed equipment (except the vertical

inclinometers) should be connected in one monitoring sys-

tem with continuous measured data transmitting to the cen-

tral computer unit at the Faculty of Civil Engineering in

Campus. This is a necessary requirement for establishing a

comprehensive monitoring system and early warning system

and landslide risk management (Arbanas et al. 2010, 2012).

Need for Monitoring Equipment Fusion

In the past decade, GPS technologies have been frequently

applied to landslide studies worldwide, both as a comple-

ment and an alternative to conventional landslide surveying

methods. Analyzing monitoring results at many active

landslides using GPS and GNSS, it has been demonstrated

that GPS technologies significantly increase accuracy, pro-

ductivity, monitoring capability, rapidity, flexibility, and

economy as compared to classical geodetic and geotechnical

survey techniques, such as TPS, inclinometers and wire

extensometers (Wang et al. 2013b). In combination with

other geodetic and geotechnical sensors, GPS monitoring

should assist in providing a comprehensive set of data that

would ensure safe monitoring system operation.

The use of multiple sensors for the same purpose

(equipment fusion) and at the same position should be very

useful to guarantee redundancy of measurements that can

prevent loss of data if one instrument fails. The weakest link

in the Grohovo Landslide monitoring system is power sup-

ply based on solar devices. After the first data collection

period, it was found that the energy consumption was higher

than the solar power plant could produce during winter,

and it may be necessary to supplement the solar power

plant with a windmill. Stable energy production is necessary

for effective monitoring and early warning and during the

next stage an electricity consumption control system will be

developed to prevent shutdown of the overall system and

loss of data. This system will monitor battery condition and,

if necessary, shut down parts of the monitoring system,

starting from the less important sensors and equipment

(webcam, GPS, TPS, PC). It will also be important to ensure

self-storing of measured data on GPS rovers installed in the

landslide. In the case where the main GPS unit is shut down,

GPS data cannot be transmitted and all data would be lost.

Selection of the same position for different types of

monitoring sensors can also allow spatial correlation of

measurement data on the landslide surface and inside the

landslide profile. It is very important that measurements of

surface movement (GPS, TPS, long-span wire

extensometers) can be correlated to the equipment installed

Fig. 3 Layout of the monitoring system installed on the landslide body
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inside the landslide profile (inclinometers, vertical wire

extensometers, pore pressure gauges). The measured values

of movements and displacements recorded at GPS and

prisms (Fig. 2e), connected with wire extensometers

installed over the Grohovo landslide, and in combination

with inclinometers results (Fig. 4) enable reconstruction of

landslide development. An important role in development

reconstruction was using the results of in-line installed wire

extensometers measurements. Displacements measured on

in-line installed wire extensometers from the Rječina river-

bed to the limestone mega-blocks at the top of the landslide

pointed to compression in the foot of the landslide body and

extension in the upper part of the landslide.

Use of different geodetic and geotechnical sensor fusion

in combination with hydrological monitoring equipment,

which records data about precipitation and pore pressures in

the landslide profile, enables reconstruction of relationships

between rainfall, groundwater level and consequent landslide

behavior as a base for establishing an early warning system.

The analyses necessary for an early warning system should

link sensor measurements data and possible failure mecha-

nisms with consequences that would follow the sliding occur-

rence (landslide risk) (Arbanas et al. 2013). In designing the

Grohovo Landslide early warning system it was necessary to:

• Identify real hazards of further sliding and possible direct

and indirect threats,

• Identify possible movements and landslide widening with

high hazard,

• Select appropriate equipment relating to position in the

field and measurement accuracy as a competent equip-

ment to initiate an alarm and

• Define critical limit values (criteria values) that

indicating the onset of new sliding and trigger an alarm.

Analyses of the past and prediction of future landslide

behavior are the most important steps to consider in devel-

opment of an early warning system, while equipment selec-

tion should depend on measurement of appropriate values

with required accuracy. In case of the Grohovo Landslide,

the accuracy of the wire extensometer measurements

(<0.1 mm) and real-time recording have an advantage over

GPS and TPS measurements. Both measurements are still

unreliable because of unstable power supply. The accuracy

of TPS measurements is <1.0 mm but from the measure-

ment results, it is very clear that the collected data are liable

to numerous influences such as daily, monthly and yearly

temperature and humidity variations and local disturbing

effects caused by deformation of poles on which the robotic

total station and GPS master unit receiver are installed

(Arbanas et al. 2012, 2013). The accuracy of GPS measure-

ment is <2.0 mm but this accuracy is obtained only after 6 h

of data post-processing. This fact eliminated GPS data as

appropriate equipment to trigger the alarm in an early warn-

ing system.

The Grohovo Landslide early warning would be

established after completion of the monitoring system and

enabling of transmission of real-time extensometers data to

the central computer unit with defined critical limit values

that indicate the onset of new sliding and trigger the alarm.

Conclusions

A comprehensive integrated monitoring system on

Grohovo Landslide consists of a GPS survey network

composed of a GPS master unit which is a reference

station for 9 single frequency GPS rovers and a robotic

total station which measures 25 benchmarks (prisms)

every 30 min. The monitoring data collected are may be

influenced by local disturbing effects caused by deforma-

tion of the poles holding the robotic total station and GPS

master unit. The geotechnical monitoring system includes

2 vertical inclinometers and 4 wire extensometers; 113

long- and 3 short-span extensometers, 4 pore pressure

gauges, a weather station and rain gauge, installed on

the same position as certain parts of the geodetic moni-

toring equipment. Selection of the same position for

different types of monitoring equipment enables spatial

correlation of measurement data on the landslide. In

combination with hydrological measurements it will be

possible to construct relationships between rainfall,

Fig. 4 Inclinometer measuring data at B2 position (see Fig. 3), slip

surface at 6 m
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groundwater level and appropriate landslide behavior, to

establish an early warning system. Definition of alarm

thresholds will be based on existing knowledge of the

Grohovo landslide behavior and on the collected conse-

quent comprehensive monitoring data as well.
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(eds) Proceedings of the 1st workshop of the project risk identification

and land-use planning for disaster mitigation of landslides and floods

in Croatia, Dubrovnik, 22–24 November 2010, JICA, Zagreb, p 5
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Abstract

Since 2011, in the framework of the Croatian-Japanese SATREPS FY2008 Project, scientists

have been working on the establishment of the Kostanjek landslide monitoring system in

the City of Zagreb (Croatia). External triggers at Kostanjek landslide are measured with rain

gauge and accelerometers. Displacements at the surface are measured by GNSS sensors and

extensometers, while subsurface displacement is measured by vertical extensometers and

inclinometer. Hydrological measurements consist of groundwater level measurements, dis-

charge measurements, chemical and isotope analysis. Monitoring sensors recorded landslide

reactivation due to external triggers in the winter period of 2012/2013. During the period from

September 2012 toMarch 2013 the total cumulative precipitation was 793.7 mm and horizontal

displacements were in the range of 9–20 cm. The installed monitoring sensor network proved

to provide reliable data for the establishment of relations between landslide causal factors and

landslide displacement rates aimed at establishing threshold values for early warning system.
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Introduction

Kostanjek landslide is a reactivated deep-seated large trans-

lational landslide in an urbanized part of the City of Zagreb

(Croatia), in Sarmatian and Panonian marls. The landslide

initially developed in 1963 as a consequence of mining

activities, i.e. undercutting of the slope toe in an open marl

pit and uncontrolled massive blasting. In 2009 Kostanjek

landslide became a pilot area for research activities in the

framework of Japanese-Croatian bilateral SATREPS

FY2008 project ‘Risk Identification and Land-Use Planning

for Disaster Mitigation of Landslides and Floods in Croatia’.
One of the objectives of the scientific research was estab-

lishment of a landslide monitoring system and assessment of

the hazard of further slope movement. Landslide monitoring

activities (equipment installation and data collection) were

initiated in 2011 (Mihalić Arbanas et al. 2013).

The scope of the paper is to review the monitoring

parameters which have been continuously and discontinu-

ously observed at the Kostanjek landslide. According to

Baroň et al. (2012) monitoring parameters are defined as

any phenomenon or factor related to a slope (area of inter-

est), which could be quantified and monitored over time.

Parameters which can influence slope failure conditions and

which are monitored at Kostanjek landslide are: (1) external

triggers (rainfall and earthquakes); (2) slope movement; and,

(3) hydrological properties (groundwater levels, discharge,

water chemistry). The idea was to develop a system for the

collection of reliable data which would be used in future

application as: (1) input data for interpretation of engineer-

ing geological or kinematic models of this landslide; and (2)

thresholds for decision-making and warning of citizens in

the most dangerous zones inside the landslide area.

Monitoring at the Kostanjek landslide should provide

high resolution spatial and temporal data, because this land-

slide is generally characterized by small oscillations of het-

erogeneous velocities. Except for the high resolution data,

the data should be as accurate as possible to enable differen-

tiation between minimal seasonal changes and changes

related to periods of acceleration when failure can occur.

High resolution and high accuracy of data are also necessary

to define critical thresholds of triggering factors, i.e. to setup

an early warning system.

External Triggers

Meteorological Conditions

According to historical data from the meteorological station

Zagreb-Grič, the mean annual precipitation in the City of

Zagreb for the period 1962–2012 is 874.4 mm. The Zagreb-

Grič station is the main meteorological station in the City of

Zagreb, located about 9 km east from the Kostanjek land-

slide. Krkač et al. (2014) showed similar rainfall regimes

between the Zagreb-Grič and the Kostanjek landslide

locations. The City of Zagreb experienced a period of

intense rainfall from September to December 2012 and a

period of intense rainfall and snow from January to March

2013 (Fig. 1). During the 13th and 14th of January 54 cm of

snow fell, which is the third highest snowfall recorded at the

Zagreb-Grič station since its establishment in 1861 (DHMZ

2013). This extremely wet period with cumulative precipita-

tion of 793.7 mm, which corresponds to about 90 % of mean

annual precipitation, caused a reactivation of a large number

of landslides in NW Croatia (Bernat et al. 2014) and reacti-

vation of the Kostanjek landslide.

At the area of the Kostanjek landslide rainfall has been

monitoring with a 0.5 mm tipping-bucket rain gauge,

installed in the central part of the landslide, since September

2011. Figure 1 shows a comparison of cumulative precipita-

tion from the Zagreb-Grič weather station and the Kostanjek

rain gauge. The difference between precipitation and rainfall

quantities (20 %) is greater than the real difference due to the

limitations of the rain gauge: (1) it cannot measure rain

during the winter period when snow cover blocks penetra-

tion of rain into the gauge; (2) it measures only water that

originate from snow cover which melts on the funnel of the

device–this snow cover, whose melting can be detected by

this device, is usually smaller than the representative value,

as a consequence of local meteorological conditions (e.g.

wind). This implies limited use of a rain gauge, as a sensor

for monitoring of meteorological trigger(s) in snowy

periods, and the necessity of using data from a local meteo-

rological station.

Seismicity/Earthquakes

The geophysical measurement sensor network at the

Kostanjek landslide includes seven accelerometers installed

inside the landslide area to: (1) monitor local micro earth-

quake activity in the landslide area; (2) monitor regional

earthquake activity, including strong motion; (3) monitor

any ground tremors associated with landslide movement,

including possible ground inclination. The monitoring sys-

tem consists of a 3-component Micro-Electro-Mechanical

System (MEMS) accelerometers and 3-channel autonomous

broadband digital recorders with GPS to maintain accurate

synchronization. Three accelerometers are installed in the

center of landslide: one below the sliding surface, at a depth

of 90 m; and two inside the landslide mass, at depths of 20 m

and 2 m. Four accelerometers are installed near the surface,

at depths of approximately 1.5 m. They are spatially

arranged to cover all parts of the landslide area.
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Since the start of seismic monitoring in April 2013, 16

earthquakes occurred. During this period none of the periods

of displacement can be attributed to earthquake-induced

groundmotions. Examples of accelerograms for an earthquake

M¼2.2 that occurred approximately 19 kmNE fromKostanjek

landslide, at a depth of 2 km, are presented in Fig. 2.

Slope Movements

Subsurface movements at Kostanjek landslide are continu-

ously monitored by four borehole wire extensometers and

occasionally by one inclinometer. Direct monitoring of

movements at the landslide surface, i.e. monitoring of the

actual state of slope activity, is continuously performed by

extensometers and GNSS sensors.

An inclinometer casing was installed in March 2012, in a

100 m deep borehole. The inclinometric profiles (Fig. 3),

based on three measurements, indicate that the failure occurs

in a thin basal shear zone in Sarmatian marls at a depth of

62.5 m. The total amount of displacement measured for the

period from April 2012 to February 2013 was 60 mm. Defor-

mation above 62.5 m can be considered as negligible with

respect to the interpretation of landslide mechanisms. Defor-

mation at the depth of 15–30 m is probably a consequence of

inclinometer tube installation, because of the existence of

the voids between the inclinometer casing and the in-situ

ground (Stark and Choi 2008).

In September 2013 four vertical extensometers were

installed in a 75 m deep borehole in the central part of the

landslide, near borehole with inclinometer casing. In the

period September 2013–November 2013 there were no

measured displacements. This is partly because the

measurements were undertaken after dry summer period

without larger landslide movements. The second reason is

that vertical extensometer measurements in the early stage

of measurement are smaller and do not correspond to the

actual displacements (Corominas et al. 2000).

Seven long- and two short-span wire extensometers,

which provide continuous data on relative displacement

between two points, were installed in the period from

March 2011 to September 2013. During the winter period

2012/2013 three of seven extensometers installed at that

time, showed significant displacement: a long-span exten-

someter crossing the main crack; a short-span extensometer

Fig. 1 Cumulative and daily precipitation from the Zagreb-Grič sta-

tion and cumulative and daily rainfall from the Kostanjek rain gauge

(August 2012–July 2013)

Fig. 2 Earthquake accelerograms recorded by MEMS accelerometers

installed in the central part of landslide

Fig. 3 Cumulative inclinometer displacements
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crossing a flank crack in the east side of landslide; and a

short-span extensometer in the tunnel crossing the sliding

surface (Fig. 4). All three extensometers displayed exten-

sion, but the amount of measured displacement varies from

40 mm on the fracture on the flank of the landslide body to

72.5 mm on the main crack and 97 mm in the central part of

landslide where sliding surface intersects the tunnel.

GNSS monitoring system consists of 15 double-

frequency NetR9 TI-2 GNSS receivers with Zephyr Geo-

detic 2 GNSS antennas installed at the landslide surface. All

15 GNSS sensors measure absolute displacement compared

to 16th GNSS reference station, which is considered as a

stable GNSS and is approximately 7 km from the landslide.

The first GNSS sensor was installed in September 2012.

During the monitoring period almost all sensors measured

movement, from 4 to 20 cm. Figure 5 shows the evolution of

surface displacement of four GNSS sensors with a major

period of displacement from December 2012 to May 2013.

The maximum rates of movement, with velocities of

2–4 mm/day, occurred during the first week of April. The

amount of movements in the central part of landslide is

approximately two to four times higher than movements

near the landslide borders, which implies frictional resis-

tance at the right flank (Allison and Brunsden 1990) and,

together with 25 mm of subsiding, occurrence of graben in

the northern part of landslide.

Hydrologic Properties

Groundwater Level/Pore-Water Pressure

Continuous water level monitoring started with installation

of two water level sensors in two domestic wells with no or

occasional usage in June 2012. The measuring was to deter-

mine the groundwater level of the shallowest aquifer. Wells

are located near the main scarp, at the north (in Bizek II St.),

and west from cuts at an abandoned marl open pit (in

Vodopijin Breg St.). Changes in groundwater level for both

wells show a similar appearance (Fig. 6). However, a much

deeper well in Vodopijin Breg St. shows the much stronger

influence of daily rainfall and a greater oscillation of ground-

water depth (from 13 to 21 m), while the well in Bizek II

shows a maximum change of only 4 m in groundwater level

during the same period (Krkač et al. 2014).

An additional water level sensor was installed in the

central part of landslide in a borehole with an accelerometer

in January 2013. The data obtained from the water level

sensor gives an average position of the water table between

the top of the borehole and the depth of 35 m, whereas below

this depth the borehole is sealed. Measurements are

registered every hour. Figure 6 shows the averaged data

over each 24 hour period. The three episodes of increased

groundwater levels in wells and in borehole, together with

their peaks coincide with periods of accelerated movements

in the winter of 2013.

Three pore pressure gauges were also installed in the

central part of landslide in September 2013. The deepest

one measures pore pressure within the area of the sliding

surface in Sarmatian silts at a depth from 60 to 65 m. The

middle one measures pore pressure within the landslide

body, i.e. within the lower Panonian silts at a depth from

50 to 55 m, and the shallowest one measures pore pressure

within upper Panonian silts and sandy silts at a depth from 30

to 38 m.

Fig. 4 Extensometer measurements in the underground (in the tunnel)

and at the surface, across the main scarp and fracture in the eastern part

of the landslide

Fig. 5 Cumulative horizontal displacements versus time for GNSS

2 and 13 (near the landslide boundary) and GNSS 8 and 9 (in the central

part of the landslide)

Fig. 6 Daily groundwater levels at Kostanjek landslide
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Water Balance: Inflow and Outflow, Surface
Flow

The objective of hydrological research is study of ground-

water dynamics and its relation to Kostanjek landslide

movements. Inflow and discharge regime is continuously

measured at two locations: (1) at the entrance of the tunnel

which passes through the slip surface; (2) at the spring of the

Dolje Stream, approximately one kilometer north from the

landslide. At each location an outflow weir was constructed

and water level sensor was installed. The relationships

between water levels and discharge were established on the

basis of several discharge measurements with a standard

current meter. Daily discharges at the weirs are presented

in Fig. 7.

Discharge at the spring of Dolje Stream varies in a range

from 2.5 to 12.5 l/s. Discharge reacts relatively quickly and

shows large oscillations related to rainfall. The maximum

measured discharges, at the Dolje Spring, were in the fol-

lowing periods: 21–23 January 2012, 2–4 February 2013,

and 30 March to 4 April 2013. These peaks of discharge,

related to heavy rainfall and snow melting, together with

peak from 9–10 March 2013, correspond to the periods of

maximum landslide movement rates.

Discharge at the tunnel entrance varies from 4.2 to 7.5 l/s.

The highest values of the discharge were in the following

periods: 15 January to 1 February 2013, and 21 February to

15 March 2013. At the end of the March, the weir at the

tunnel entrance was drowned because of landslide deforma-

tion in the downstream area.

Water Chemistry and Isotopic Compositions

The hydrochemical characteristics of groundwater reflect the

mineralogical composition of solid phases of the parent rock

through which the groundwater flows and also provide

signatures as natural tracers to better understand groundwa-

ter migration (Watanabe et al. 2012). During the September

2011 and June 2012, one sample of spring water, seven

samples of stream water, 11 samples from the tunnel and

74 groundwater samples from private wells were collected

for hydrochemical and isotope analyses. The pH, EC and

temperature of all samples were determined in the field,

while Na, NH4, K, Mg, Ca, Sr, HCO3 and CO3 as alkalinity,

Cl, NO3 and SO4, also δ18O and δ2H, were analyzed in the

laboratory of the Niigata University.

The hydrochemistry of groundwater from shallow

aquifers (wells) are classified into four types: (1) Ca-HCO3

type; (2) SO4-rich Ca-HCO3 type (0.28 < SO4/HCO3

< 0.40); (3) Mg-rich HCO3 type (0.19 < Mg/Ca < 0.55);

(4) Cl-rich type (Cl > 100 mg/L). Ca-HCO3 type waters are

closely related to the bedrock rock type (marls), and are

predominately distributed over the research area. The SO4-

rich Ca-HCO3 type waters, probably influenced by gypsum

or aragonite in the landslide hinterland, are scattered in the

northern and SW part of the research area. The Cl-rich type

waters (most probably of anthropogenic origin) are scattered

in the northern and western, relatively densely populated

part of the research area. The Mg-rich HCO3 type waters

are sporadically distributed in the northernmost part, behind

the head of landslide and in the eastern and south-eastern

part of the landslide. In addition, spring water from dolomite

in the tunnel is also of a Mg-rich HCO3 type, but more

enriched in Mg and depleted in Sr than the Mg-rich HCO3

type waters in the landslide. It can be concluded that the

dolomite is major source of Mg in waters from the research

area.

Isotopic compositions of δ18O and δ2H of all waters are of

meteoric origin, although spring waters in the tunnel are

depleted in δ18O and δ2H compared with other sources.

The isotopic depleted compositions suggest that these waters

are recharged in the higher (northern) dolomitic area and

migrate through the dolomite aquifer to the depths of the

landslide mass. Mg-rich HCO3 groundwater types show a

tendency to be slightly depleted in δ18O and δ2H comparing

with the other groundwater types. It seems that Mg-rich

HCO3 groundwater type is influenced by isotopic depleted

waters from the dolomite aquifer.

According to chemical and isotopic compositions, it is

clear that Mg-rich HCO3 type waters are originally formed

by mixing of common Ca-HCO3 type water with Mg-Ca-

HCO3 type water derived from the dolomite aquifer. There-

fore, it is most likely that the Mg-rich artesian waters from

the deep dolomite aquifer are continuously injected into

shallow aquifers in the landslide mass. Such injection of

deep artesian waters has an impact upon groundwater behav-

ior in the landslide mass and is also one of the key factors

controlling the stability of the Kostanjek landslide. This

interpretation coincides with Ortolan’s (1996) hypothesis

that an artesian aquifer in Badenian limestone and Triassic

dolomite underlays Sarmatian and Panonian rocks and the

Kostanjek landslide.

Fig. 7 Daily discharges at the tunnel entrance and spring of the Dolje

Stream
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Discussion and Conclusions

External Triggers

Rainfall and earthquakes are monitored by sensors for con-

tinuous measurement installed at the Kostanjek landslide.

External trigger monitoring is of crucial importance because

of their influence on reactivation of the landslide and estab-

lishment of an early warning system.

A disadvantage of the installed rain gauge is that it does

not provide accurate precipitation data during snowy

periods. Moreover, the Kostanjek landslide reactivation in

the winter and spring of 2013 was triggered by precipitation

(rainfall and melting of thick snow cover). Because of this

reason it is necessary to install an additional meteorological

station in the area of the Kostanjek landslide which will

monitor precipitation and other meteorological factors.

Seven accelerometers with continuous monitoring,

installed at five locations at the landslide surface and at

different depths, also provide good spatial and temporal

data which can record local conditions inside the landslide

body (depth of 90 m; total landslide area of 1 km2) and in the

rock mass below the sliding surface. These accelerometers

can record ground shaking (accelerations) in response to

earthquakes (trigger) and response to landslide movements

(activity). According to Massey (2010), there is possibility

that installed accelerometers can not record low strain rate

displacements such as creep.

Slope Movements

Slope movement measurements provide data about the

actual state of slope activity, i.e. they define the dynamic

status of a mass movement, enable recognition and quantifi-

cation of the reactivation phase, enable definition of thresh-

old values and eventually enable forecasting of the

catastrophic phase (Baroň et al. 2012). Subsurface move-

ment at the Kostanjek landslide, measured by inclinometer,

provided reliable data about sliding surface depth, mechani-

cal behavior and displacement rate until February 2013.

After this period the inclinometer casing became impassable

due to large displacement at the sliding surface. Although

the inclinometer data are of good quality, the temporal

resolution (just a few measurements in 1 year) and spatial

resolution (one borehole in the central part of the landslide)

are very poor. Poor spatial resolutions spoiled the possibility

of confirming the existing landslide model or reinterpre-

tation for an improved landslide model.

Partial improvement of the subsurface movement moni-

toring was introduced by installation of four vertical wire

extensometers of different depths, installed in the borehole

near the existing inclinometer casing. They will provide

continuous displacement monitoring data even in the case

of larger displacements. However, additional inclinometers

in different part of the landslide are necessary to provide

reliable data about landslide geometry.

High resolution temporal and spatial data at Kostanjek

are obtained from surface movement monitoring by GNSS

sensor network and a large number of wire extensometers.

Fifteen densely distributed GNSS sensors can provide high

accuracy data depending on post-processing time, while

the temporal resolution of the data can be every second (in

real time kinematic mode). These near-real and real time

movement data satisfy the requirements for failure

prediction, using for example the Fukuzono (1985) method.

Seven extensometers provide data every 1 h. Unreliability

of extensometer data can be caused by significant

influence of meteorological conditions to registered

displacements, however, which is necessary to take into

consideration during interpretation of movement, velocity

and acceleration.

Hydrologic Properties

Properties that have the most significant influences on land-

slide behavior are hydrological properties. Equipment for

monitoring of superficial movements measured landslide

displacements of 4–20 cm in different parts of landslide,

with periods of maximum velocities (2–4 mm/day) which

correspond to the peaks of ground-water levels measured in

the central part of the landslide.

Pore water pressure/water level data at the Kostanjek

landslide provide good temporal data (every 1 h), but the

sensors are installed at only few locations and in different

parts of the landslide body. Three piezometers with pore

pressure gauges are installed in the central part of the land-

slide body: one is in the zone of the sliding surface and two

are in the landslide mass. Other water level gauges are

installed in the upper part of the landslide body. Although

water level sensors installed in the upper part of the landslide

body do not actually measure water level in the sliding

surface area, the data shows good correlation with landslide

movements. However, additional piezometers are necessary,

in different part of the landslide, to provide measurements of

pore water pressure for better understanding of landslide

behavior and correlation with causal factors.

Geochemical measurements undertaken to better under-

stand groundwater flow patterns were performed on samples

taken at 74 locations. They provide high spatial resolution

data. Samples taken in two different periods did not show

any significant differences, which indicates that the temporal

resolution is also of satisfying quality.
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Krkač M, Rubinić J, Kalajžić J (2014) Analysis of water fluctuation

dynamics in the wider area of the Kostanjek landslide. In:

Proceedings of 1st regional symposium on landslides in the

Adriatic-Balkan Region, 6–9 April 2013, Zagreb

Massey CI (2010) The dynamics of reactivated landslides: Utiku and

Taihape, North Island, New Zealand. Ph.D. thesis, Durham Univer-

sity, Durham, UK
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Introduction: Risk Assessment

Huabin Wang, Rejean Couture, and Cees Van Westen

Landslides can result in enormous casualties and huge eco-

nomic losses in mountainous regions. In recent years, inter-

est in landslide risk assessment has grown substantially.

Landslide risk assessment aims to determine the expected

degree of loss due to landslides and the expected number of

fatalities, people injured, damage to property and disruption

of economic activity. This session addresses the landslide

risk assessment, to establish criteria for ranking risk posed

by different types of mass movements, to quantify the

impact that mass movements have on population, structures

and infrastructures, and to enhance strategies for avoiding or

mitigating landslide risk.

In this session, Dr. Jiang and his colleagues chose natural

and geographical factors, geological structure, lithology,

surface water system, hydro-geological conditions, and the

distribution of geological disasters as index for landslide

hazard assessment using a fuzzy mathematics method in the

three sites. In addition, Liu Donghao and Sun Cheng studied

an fossil landslide on the urban fringe of metropolitan Region

in Beijing, China. After the detailed analysis, topographical

features, lithologic condition, formation conditions, as well as

the formation conditions of landslide, qualitative analyses

and a quantitative method were then adopted for the stability

evaluation of the fossil landslide.

In order to consider the influence of the landslide slaking

on the magnitude of impact energy, Mr. Wang and his

colleagues established an evaluation model of landslide

risk using the PFC in order to analyze the landslide

impact energy on the possible afflicted body in Jiangping

hydropower station, Hubei, China. In their work, the inter-

action of grains is allowed to make a completely inelastic

collision, and the landslide under different horizontal move-

ment distance and geotechnical strength parameters is

discussed to evaluate the landslide risk. Meanwhile, a

back-analysis of a debris flow event was carried out by Dr.

Hussin and their collaborators using MassMov2D to create a

set of parameter ranges for forward-predicting runouts with

mitigation measures. In their work, simulations from back-

analysis were compared with the forward-predicted models

to determine changes in the spread and intensity of debris

flows affecting elements at risk, e.g. houses and roads.

Globally, the costs of landslide damage are proven to be

of economic significance, but yet efforts for their systematic

estimation are still rare. Mr. Klose and his coauthors presents

a short summary of the challenges and concepts in previous

landslide loss studies and introduces a methodological

framework for the estimation of direct landslide costs in

industrialized countries. A case study of landslide losses

for federal roads in the Lower Saxon Uplands (NW

Germany) exemplifies the application of this methodology

in a regional setting. Landslide costs were spatially

extrapolated from sub-regional levels after their calculation

in representative case study areas. In the first step, cost

survey is closely linked with methods of cost modeling,

which in turn take advantage of landslide database informa-

tion. The cost extrapolation to large-scale levels was then

realized by a landslide susceptibility model combining cost

figures with indices of infrastructure exposure.
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Site Selection Study for Hazardous Waste Based
on Fuzzy Comprehensive Evaluation Method

Jiang Bing, Wei Yunjie, Xu Mo, and Han Caiyi

Abstract

This paper takes sites engineering geological environmental conditions as the main line. On

the basis of full data collection, this paper chooses natural and geographical factors,

geological structure, lithology, surface water system, hydro-geological conditions, and

the distribution of geological disasters as index. According to defined index system and

index weight defined by experts, fuzzy mathematics method is used to establish the

mathematics models of the three sites. By calculation and analysis, the 3# site is the best

as solid waste disposal center site in Chengdu, which can provide references for site

selection of hazardous solid waste in mountainous cities.

Keywords

Hazardous waste � Site selection � Fuzzy comprehensive evaluation method

Introduction

Hazardous waste, except for radioactive waste, means waste

that has chemical reactivity, toxicity, explosion hazard,

corrosivity and other properties that can cause harm to

human health and environment (Jin and Yao 2001). Because

of its complicated chemical properties, high toxicity, explo-

sion hazard, corrosivity and other properties, the hazardous

waste can cause great harm to the environment, and is the

key pollution source of soil, air, water, especially the

groundwater, and has attracted widespread concern all over

the world. Reduction, reclamation and decontamination are

the three technological measures mainly adopted to deal

with such pollution. Moreover, hazardous waste, by various

methods, was detoxified, separated, and concentrated, and

the secure landfill is widely used of various disposal methods

(Liu et al. 2004). The managements of solid waste remain

uncommon in Chinese urban area, and depend on direct

stacking and other simple disposal approaches to absorb

over a long period of time, and the waste is not detoxified

basically. This results in serious management problem of the

pollution of urban solid waste (Guo et al. 2005).

State Environmental Protection Administration

promulgated the National Hazardous Waste and Medical

Waste Disposal Facilities Construction Plan, which was

replied by State Council, on January 19th, 2004. The State

Council requires the People Governments of various

provinces; autonomous regions and municipalities must

fully implement the construction of hazardous waste and

medical waste disposal facilities and radioactive waste

storages, and enforce the project construction managements.

Therefore, the site selection of hazardous waste landfill

becomes the key problem during the process of construction.

Furthermore, the main controlling factor is the problem of

interaction and coordination with geological environment

and disposal project.

The Proposed hazardous waste disposal center of

Chengdu is located in Luodai town of the Longquanyi
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district. This project is one of the important projects of

Chengdu, and its annual handling capacity is 12.2 � 104 t.

Among them, 1.2 � 104 t will be comprehensively utilized,

1.0 � 104 t will be burned (excluding medical waste),

10.0 � 104 t will be securely landfilled. The engineering

site locates in the middle of Longquan Mountain, which

belongs to a valley-type landfill site. The main projects

contain dams, landfills, sewage treatment plants and other

facilities. The project is currently at the preliminary stage of

investigation and designation. It has three optional sites, the

1# optional site, the 2# optional site and the 3# optional site.

The scope of area is from 104�2005100 to 104�2104600, and
30�3901000 to 30�3905700. The dimensions of all sites are

0.473 km2. This paper using fuzzy comprehensive evalua-

tion method, and taking the site selection of hazardous solid

waste landfill in Chengdu as an example, studies impact

factors and selection methods for the site of hazardous

solid waste in mountainous area, and to provide references

for site selection of hazardous solid waste in those cities.

Environmental Geological Conditions

Terrain and Physiognomy

The ridge which lies on the NE side of the 1# site of the

preconcentration area is called burned bridge. Along the

slope, a number of NE-SW direction rushing gullies were

developed; especially the depth of the Jiangjia Bay rushing

gully locating on the eastern side of the site is the deepest.

There also developed several SW-NE direction gullies on

the slope of the Daliang Mountain at the west side of the site,

but the high and steep artificial slope has being formatted in

the slope because of the excavation by the workers of the

brickfield, and the original landscape has been destroyed. In

the southeast of the peripheral, the geomorphology is rela-

tive wide and gentle, shows fan-shaped, and disperse toward

southeast. There are several rushing gullies importing

Longfeng Ditch along the slope in the area of Yingtao Bay.

The overall shape of the 2# site looks like a circular, the

terrain is decreasing from southeast to northeast in these

areas, because of cutting by rushing gully, in the western

side (the left of Lujia Bay rushing gully), the slope is rela-

tively steep, and shows step-like; however, in the NE side of

the site (the SW side slope of the Daliang Mountain), the

slope is wide and gentle, the slope gradient is about 10�–20�,
and there are four miniature gullies developed.

In the 3# site, there is a rushing gully whose direction of

the flowing is from south to north cross through the site (see

Fig. 1). The overall shape also looks like a circular, and the

terrain is decreasing from north to south. There is an

unnamed hill locating on the west side of the site, and a

reservoir is located between this hill and Zhongjia Mountain

which is at the west side of the site. The Yejia Old House on

the east side of the site is located on a gentle slope (the SW

slope of the Dayouao Mountain), and the slope gradient is

about 10�–25�. Generally speaking, all the assessment area

is showing a valley between mountains geomorphology.

Geological Tectonic

In the whole domain, 1# and 2# site are located between the

Jinlong Temple anticline and Luojia Mountain syncline. For

both of them are affected by the Quartet Mountain fault and

the Longquan Mountain west slope fault, the spatial occur-

rence of layers are up and down. According to the strati-

graphic distribution and the occurrence changing, the main

tectonic of the project area is composed of a short axis

anticline being NW direction. In the east of DaLiang Moun-

tain areas (most areas of the 2# site), these areas are mainly

located in the south east wing of anticline, the strata direc-

tion of which is NE, and tilts to the SE, the inclined angle is

from 10� to 40�, especially local area is up to 60�, while in

the west of DaLiang Mountain areas (most areas of the 3#

site), these areas are mainly located in the northwest wing of

anticline, its main trend direction of strata is NW, the

inclined angle is relatively moderate and the biggest are

less than 30�, however, to the north of Wen’an town, the

trend direction of strata changes to NW, and tilts to the SW,

the inclined angle is about 30�. The 1# and 2# site are located
on the secondary fold of the west wing of the box-shaped

compound anticline of Longquan Mountain. The 3# site is

located on the middle segment of the west wing of the box-

shaped compound anticline of Longquan Mountain, which is

in the NNE~NE trending fault belt of Longquan Mountain

composed by the west slope fault of Longquan Mountain and

the east slope fault of Longquan Mountain. The overall trend

of Longquan Mountain fault belt is about N20�–30�E, from
Zhongjiang town in the north, to the south through the

Jintang, Longquanyi, Jiulongchang and Renshou town, and

till near Xingtang Town of Leshan City, the length is

230 km. The west fault and east fault are relatively tilted to

each other, what’s more, it extends to the core department of

the anticline, and disappears in the triassic strata. The.3# site

is located on the end of south segment of the Luojia Moun-

tain syncline, which belongs to the raising the pinch-out side

of the syncline, in the Quartet Mountain zone and in the

northern of which the main tendency is toward north, and it

is a small syncline in the southern zone.

Formation Lithology

The 1# and 2#site are located on the middle segment of

Longquan Mountain, the exposure strata is J3p. According
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to the survey that jurassic formation is located in the middle

and upper segment of the J3p in the project area, the main

material of the overburden layer are the guar ternary loose

sediments, the depth of which is from 1 to 8 m. The 3# site is

also located on the middle segment of Longquan Mountain,

the mainly exposure strata is J3p, the main material of the

overburden layer are the guar ternary loose sediments, the

depth of which is from 1 to 10 m. According to their forma-

tion, structural characteristics and traits, these materials can

be divided into three types, artificial filled soil, residual, talus

deposit, alluvial, diluvial deposit.

Surface Water System and Hydro-Geological
Conditions

The 1# site area locates in the Longfeng River system. The

main stream inflows (the source is located in already built

Chang’an garbage plant) from the southeast of the site and

two tributaries respectively mingle in it in the Cherry Bay

and the Jiangjia Bay. The stream ultimately outflows in the

northwest of the site. Then it passes trough the Longquan

Mountain along hills and joins the Tuojiang River at the east

of the mountain. The 2# site locates in the Lujia Bay river

system. The river rises in the southeast of the site and flows

ultimately northward out of the site, and then joins the upper

Tuojiang River. The river is flowing water all the year round.

The 3# site has two river systems. The main river rises in the

central northern of the site and two tributaries respectively

mingle in it in Xuetangwo and Linjia Bay. The Xuetangwo

tributary is mainly from the Liyu reservoir and ultimately

outflows in the south of the site and finally joins the Tuojiang

River along hills (Fig. 1).

The stratum outcrops in the area is Penglaizhen Forma-

tion of the Upper Jurassic. The major lithology is interbeded

in unequal thick composed by sandstone, mudstone, silt

mudstone and pelitic siltstone. Among them, the content of

sandstone is higher relatively in the upper middle and the

bottom. Sandstone is brittle and develops more fractures. So

the sandstone is rich in fissure water and is the major aquifer

in the project area. In contrast, the clay layer has poor

permeability and is water-resisting layer. After investiga-

tion, the 1# and the 2# sites have not yet found springs

formed in Quaternary loose sediments, however, in the 3#

site a spring found formed in Quaternary loose sediments

near the central south (B9) of the site, and with a very small

flow rate. In the low-lying area of the spring vent, the water

barely flows.

The Distribution of Geohazards

According to investigation, two landslides developed at site

1#, one at site 2#, two at site 3#, all of their size are small.

Besides, four unstable slopes developed at site 3#, the size

are generally small and in stable condition basically at pres-

ent. 18 collapse bodies developed both at site 1# and site 2#,

while 15 are developed at site 3#.

Fuzzy Comprehensive Evaluation

In practice, comprehensive evaluation is a kind of evaluation

to one thing which often involves many factors/indices and

requires a general assessment, not only from one particular

factor. The steps of such fuzzy comprehensive evaluation

model as following Wang and Li (2008):

1. Ensure the evaluation factors and grades. Suppose that

U ¼ {u1, u2, . . ., um} is the m kinds of factors to the

evaluation target, V ¼ {v1, v2, . . ., vn} is the n kinds of

judgment to the condition of each factor, where m is the

number of assessment factors, n is the number of remarks.

2. Determine the evaluation matrix and the weight. Firstly,

do single factor evaluation to u(ii ¼ 1, 2, . . ., m) from the

factor set, determine the membership rij from factor ui to

grade v(jj ¼ 1, 2, . . ., n), then get the set of single factor

evaluation ui.

ri ¼ ri1, ri2, . . . , rinð Þ

So the assessment sets of m factors can construct a general

evaluation matrix R, which means that each object evaluated

to determine the fuzzy relationship of matrix R from U to V.

Fig. 1 water system graph of the site area
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R ¼ rijð Þm� n

Where, rij stands for frequency distribution from the factor

ui to the remark vj, in generally, which will be normalized

to meet rij ¼ 1.

3. Fuzzy comprehensive evaluation and decision-making.

The different lines in R reflect the degree of membership

to the fuzzy sets from different single factor. If synthesize

the different lines with fuzzy weight A, it can get the

membership degree of evaluated object to various grades

in general, which is called as the results vector of fuzzy

comprehensive.

Import a fuzzy set of B from V, called fuzzy

assessment and decision-making collection.

B ¼ b1, b2, . . . , bnf g:

So that B ¼ A � R, fuzzy transform. If the evaluation

result bj 6¼ 1, then it needs to be normalized.

Matrix B is a degree description of comprehension

condition grades from every evaluated object, which

can’t directly assess the objects without a further

processing. The method which always be used is maxi-

mum degree-of-membership theory in order to get the

final assessment value. Here, only use the maximum of

b(jj ¼ 1, 2, . . ., n), not make full use of the information

from B. Therefore, it can consider comprehensively the

evaluation index and result from each grade to get a more

practical assessment value.

Suppose that the parameters of column vector related

to each grade vj are:

C� c1, c2, . . . , cnð ÞT

Then, the assessment result of grade parameter is

(Table 1):

B� C ¼ p,

where p is a real number.

Site Selection of Hazards Waste

According to field investigation and analysis, the final

assessment indices are determined as three layers for those

three candidate sites. Based on the feature of indices to

divide layer modular structure and construct a three layers

model.

The first layer is: U � {u1, u2, . . ., un};

The second layer is: u1 ¼ {u11, u12, u13}; u2 ;¼ {u21,

u22} ; u3 ¼ {u31, u32} ; u5 ¼ {u51, u52, u53}

The third layer is: u13 ¼ {u131, u132, u133}; u22 ¼
{u221, u222 }

According to the impact degree of every factor to the

waste disposal center, after assessment, the index weight

determined are as followed:

A ¼ 0:3; 0:2; 0:2; 0:2; 0:1ð Þ; A1 ¼ 0:2; 0:4; 0:4ð Þ; A2

¼ 0:4; 0:6ð Þ; A3 ¼ 0:6; 0:4ð Þ; A5 ¼ 0:5; 0:3; 0:2ð Þ

According to the index system and factor weight deter-

mined above, the mathematics model construction of three

layers fuzzy comprehension evaluation to the three sites,

showed in Table 2.

The three candidate sites of waste disposal center in

Chengdu constitute the decision set V ¼ {a1, a2, a3}.

According to the investigation data and some disposals to

get the fuzzy comprehension evaluated value, showed in

Table 3.

Make fuzzy comprehension assessment to the data above:

Firstly, make the single-factor evaluations of Natural

geographic of Table 3. u13 ¼ {u131, u132, u133}, the

weight A13 ¼ {1/6, 1/6, 2/3}, the single-factor evaluation

matrix composed by fuzzy assessment u131, u132, u133

from Table 2 is:

R13 ¼
0:60 0:72 0:80
0:72 0:75 0:53
0:82 0:85 0:73

8
<

:

9
=

;

Calculate B13 ¼ A13 � R13 ¼ (0.77, 0.81, 0.71);

B11 ¼ 0:62; 0:55; 0:62ð Þ;
B12 ¼ 0:70; 0:82; 0:78ð Þ;
B1 ¼ A1� R1 ¼ 0:69; 0:76; 0:72ð Þ;

The same can be calculated:

R22 ¼ 0:62 0:85 0:63
0:66 0:81 0:70

� �

B22 ¼ A22� R22 ¼ 0:69; 0:76; 0:72ð Þ;
B21 ¼ 0:80; 0:80; 0:80ð Þ;
B2 ¼ A2� R2 ¼ 0:73; 0:78; 0:75ð Þ;
B3 ¼ A3� R3 ¼ 0:85; 0:83; 0:85ð Þ;
B4 ¼ 0:78; 0:80; 0:77ð Þ;
B5 ¼ A5� R5 ¼ 0:80; 0:79; 0:82ð Þ

Table 1 The distribution of geohazards at the proposed site

Sites No.

Number of geohazards

Landslide Collapse bodies Unstable slope

1# 2 18 0

2# 1 0

3# 2 15 4
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Then make higher comprehension assessment according

to the data above:

U ¼ {u1, u2, u3, u4, u5}, the weight A ¼ {0.3, 0.2,

0.2, 0.2, 0.1}, so comprehension assessment:

B ¼ A � R ¼ (0.77, 0.75, 0.79)

Then, the result sorts of comprehension assessment for

the three candidate sites are: a3, a2, a1. Therefore, a3 is the

optimal site for solid waste disposal center in Chengdu.

Conclusion

Through the analysis above, the conclusion summarized

as following:

1. The factors of site selection for solid waste disposal in

mountain area city mainly are natural geographic factor,

geological structure factor, stratum lithology, surface

water, hydrogeology condition, distribution of geohazard

and so on.

2. Through study the relationship of each environmental

geology factor from each site comprehensively, and by

the method of fuzzy mathematics, the fuzzy comprehen-

sion assessment mathematics model with three layers to

the three sites respectively are established.

3. The fuzzy assessment model uses hierarchy structure,

through calculation and comparison, 3# is the optimal

site for solid waste disposal center in Chengdu.
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Research of Stability of an Fossil Landslide on the
Urban Fringe of Metropolitan Region in Beijing,
China

Dong-hao Liu and Cheng Sun

Abstract

This paper study an fossil landslide on the urban fringe of metropolitan Region in Beijing,

China. Topographical features, lithologic condition, formation conditions, as well as the

formation conditions of landslide was detailed analysis. We adopt the method of qualitative

analysis and quantitative method to research the stability of the fossil landslide. The

calculation results show that, under heavy rain conditions, although landslide is still in a

stable state, but the safety coefficient decreased more, but the stability became stable.

Detailed geotechnical investigations for evaluating the stability of the landslide are carried

out in this study with due consideration for future risk. Finally, the corresponding engi-

neering activities in the process of prevention and prevention measures are given according

to our research.

Keywords

Fossil landslide � Characteristic � Formation conditions � Stability

Introduction

Beijing is undergoing the process of rapid urbanization.

Staggering urban expansion in metropolitan area make

communities sprawl to suburbanization area. Large land-

slides do sometimes exist in this area, where happens a lot

of human activities.

It is worth to make efforts to understand the characteristic

of fossil landslide. First, since fossil landslide is potentially

unstable, determining what level of instability is important

requires subjective judgments. To make these decisions, we

must assess the influence of unstable lands on the resources

and values that instability is likely to affect. Third, the

environmental hazards posed by some types of instability

can be avoided through extra effort in engineering and

design. If the relative importance to ecosystem values of

different types of instabilities can be assessed, the sites

needing modification of operational guidelines can be

identified and prioritized (Zhang et al. 1994).

It is shown in engineering practice that the correct under-

standing and using of geological and mechanical model are

the fundamental keys for the prevention of large-scale

landslides. This paper presents an attempt to address the

nature of an fossil landslide in Beijing, China, in order to

help to prevent the landsliding in future.

Geographical Location of the Fossil Landslide

This paper takes an fossil landslide in Beijing, China as the

study object (Fig. 1). The Zhaojiatai village is a fossil land-

slide which located in Tanzhe Temple. Tanzhe Temple,

located in Mentougou District of southeastern Beijing,

which is the oldest temples in Beijing with 1,700 years of

history. The Zhaojiatai village is involved in an project

called “Old village renovation planning”. Four hundred

house is involved in this project, and the road is proposed

widen to about 12 m.
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According to previous records, 20 years have been passed

since the village moved here. The fossil landslide hasn’t
cause serious hazards such as tension fracture and so on.

Old buildings also preserved well scene then. Only a handful

of building wall appeared irregular cracks, which caused by

uneven foundation. No landslide phenomenon has been

made in recent years, the village or hidden trouble, suggests

that the village ground is stabile, with no slip signs.

An fossil landslide was found to the east of Zhaojiatai

village. The fossil landslide is covered about 4,900 m2. The

length of landslide is about 90 m long. It maintains a fairly

uniform width of about 85 m, but narrows slightly near the

mountain front and at the toe. The volume of this landslide is

19,600 m3. This landslide mainly make up of talus stone, and

gravel soil. The soil is loose. The landslide is steep, with the

slope angle of 50� ~ 60�. There are roads across the land-

slide. There is a crack appears at the posterior section of the

landslide. The crack extend about 60 m, with the width of

40 m. Difference of elevation appears in backwall of the

landslide. The maximum difference of elevation reach to

50 cm. There are cracks appears in abandoned walls. East

backwall of landslide is make up of sandstone, crack is

occurred in local. The local rock crack. Landslide is located

in the west of the village. There is a fracture surface, with the

angle of 165�. Front slope located on the eastern side ditch

bottom of this village. No obvious deformation was found in

this investigation.

The exact time of movement is uncertain, but evidence

suggests that the landslide movement has happened many

years ago. The time would before the arrival of humans in

the area. There is no evidence of recent movement of the

landslides.

On July 21, 2012, Beijing is in a complete heavy

rainstorms since there have been complete meteorological

records. The fossil landslide does not show signs of land-

slide. However, local collapses have occurred many times,

which obstruct the traffic as well as causing a lot of incon-

venience to the villagers production and living.

Topographical Features of Landslide

The mountain is steep, with gully topography. The vegeta-

tion condition is good. The mountain has an elevation of

371.20 ~ 371.20 m, and the relative elevation is nearly

500 m. The terrain is uneven, general configuration of

which is complex. The headwall profile of the landslide

looks like a jumping platform, with 3 ~ 4 sections, which

is shown in Fig. 2. Each of the platform is tilt inward, with a

slope angle of 3 ~ 5�. This landslide shows the reverse slope
characteristic, which is the unique feature of landslide. The

posterior headwall of the landslide has a slope angle of

60� ~ 80�, and the elevation difference is 40 ~ 50 m. The

posterior headwall of the landslide is made up primarily of

shrubs weeds and dry land. The central section of the land-

slide is echelon in longitudinal direction, mainly made up of

dry land. There are some villagers adjacent to the foot of the

headwall.

Fig. 1 The location of the

fossil landslide in Beijing
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The Lithology and Structural Characteristics

The source area naturally divides into an upper headwall and a

lower pocket. The landslide is covered with quaternary

remnants diluvia layer, with the thickness of 0.50 ~ 26.00 m.

The upper layer is relatively loose. The strength of the upper

layer reduced obviously when encounters water, which forms

potential sliding surface between the upper layer and lower

layer. The lithology of sandstone is shale, breccia, limestone,

and coal measures strata.

This landslide is mainly composed of Quaternary eluvial

soil and breakstone. The landslide is sinking in vertical

direction, and the front of which is sliding. The Quaternary

eluvial soil is relatively thicker. The residual is mainly

composite of cohesive soil and stone. The content of stone

is about 10 ~ 30 %, with the grain size 10–50 mm.

The Formation Conditions of Landslide

A lot of research shows that the fundamental cause for large-

scale landslide in China is due to the topographical and geo-

morphological conditions. About 80 % of large-scale

landslides were found in the first slope-descending zone of

the mainland topography around the eastern margin of Tibet

plateau. Moreover, this area is the most active area of the plate

tectonic activities. The intensive interactions between the

endogenic and epigenetic geological process cause serious

dynamic change of the high steep slope, which are resulted

in the development of large-scale landslides. Strong earth-

quake, extreme weather conditions and the global climatic

change are the main triggering factors of large-scale landslides.

Topography (Liao 2007)

Topography factors provide the space and energy for sliding.

Zhaojiatai village belongs to low mountain landscape, with a

steep mountain slope. Topography in this area is fluctuated,

the relative dispersion of which is 494 m. The whole slope

angle of 30� ~ 40�, and the local slope angle is 60� ~ 80�.
Topography of bottom of the slope is open valley and low-

lying land. The open topography provides both sliding

energy and well spatial condition for the landslide.

Lithologic Factors (Liu and Tan 2008)

Lithologic factors control range of the sliding body and loca-

tion of potential sliding surface. This landslide was mainly

make up of talus stone, and gravel soil. The loose soil has

forms a potential sliding surface for its easy sliding stratum.

The role lithologic factor plays in the formation of

landsliding mainly reflects in the following two aspects.

First, the talus stone and miscellaneous is loose in this

area. The natural state because the built-in function and

make the friction force between particles is bigger. When

encounters heavy rainfall conditions, miscellaneous reach

soft state or plastic flow state which reduce friction effect.

Therefore, detritus between the stone and miscellaneous

often forms potential sliding surface. The second aspect is

inclined structure of the landsliding. Landslide inclined

structure exists in the interface within the region from the

top to the foot of the mountain the soil rock. The lower layer

is rock. The intermediate section is detritus. The loose soil

can form a potential sliding surface for its lithologic

characteristic.

Geological Condition (Song et al. 1994)

The fossil landslide is located in south of Jiulong mountain.

The Kowloon hills extent about 20 km, along the northeast

direction. Syncline wings covered by the Jurassic and Upper

Paleozoic strata. The southwest mountain ridge is gentle,

with a angle of 15� ~ 20�. The southwest mountain ridge is

steep, has a slope angle of 30� ~ 40�.

Fig. 2 The profile of the landslide
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There are three small fault exist in this area. One of the

fault is through Zhaojiatai village. Another located to the

west of the study area. The third located on the north of

the study area. All the three faults are secondary fracture,

none of them is Holocene active fault.

Human Activities (Zhang et al. 1994)

Human activity is mostly flat slope cutting slope and road

building. The upper slope of local farmers flat slope cut-

ting slope roads, which changed the original stable stress

distribution, resulted in the reduction of stability. Farmers

cut slope at the front of landslide and slope feet road and

building, makes the feet and the front of landslide soil

cutting slope of landslide in the front of landslide soil

lacks the support or support, however, results in the

decrease of the stability of the slope. These human

activities make low slope at the steady state, directly

threatens the safety of slope with the surrounding

residents.

Rainfall (Xu and Shang 2008)

The planning construction area belongs to warm temperate

continental monsoon climate. There is a large valley

development in the assessment area. It is hot and rainy

in summer. Only have water in the rainy season. There is

a spring in the northeast of Zhaojiatai village, flow of

which is about 5 t/h. There is also a set of pool in the

village.

Rainfall is one of the induced factors in the formation

of landslide. First, rainfall given rise of underground

water in this area, made the dynamic hydrostatic pressure

increased. On the other hand, slope caused by the increase

of soil bulk density. The landslide surface soil will under

pressure in condition of saturation. Third, rain cause the

reduction of the cohesion and internal friction angle of

rock and soil body, make the stability of rock mass under

the lower slopes.

Evaluation the Stability of the Landslide

Qualitative Analysis (Lei 1991)

The landslide belongs to low mountain landscape. The

mountain slope is steep at both ends, and the central section

is placid. The front of landslide sliding space condition is

good, the cutting slope and slope foot excavation of human

engineering activities such as strong under the condition of

heavy rainfall, soil and rock sliding surface is sensitive to

water, and easily to slide when encounter water.

Overall and Local Stability of the Landslide

We use polygonometry method in globe profile to derive the

stability of the landslide, and arc method was performed in

derive local stability. Using the principle of geotechnical,

slope stability analysis module for section as a whole and

partial stability calculation according to two kinds of work-

ing condition of natural and storm. The complex soil layer,

the standard with general method, seismic fortification inten-

sity of 7�.
Model parameter selection for physical and mechanical

parameters of rock mass, the calculation of specific

parameters according to the experience of the laboratory

test and comprehensive. Model parameter was shown in

Table 1, the results stability of profile was shown in Table 2.

The overall and local steps natural state, the landslide

sliding surface is in a stable state. Storm conditions, only

on the surface of the sliding stability coefficient is 1.08, in

the stable state. All the profile and other sliding surface in the

stability state. Overall, the landslide from the current situa-

tion in general in a stable state, only the steps of the sliding

surface in the stable state. As a result, the landslide sliding

surface near the location prediction level to assess the risk of

landslides as big, other location estimate for the small risk of

landslides.

Based on the above analysis of slope and connected by

engineering concrete example, a model of landslide is

Table 1 Model parameter

Parameter

Layer

γ (kN/m3) c (kPa) φ (degree)

Present

condition

Heavy rain

condition

Present

condition

Heavy rain

condition

Present

condition

Heavy rain

condition

Miscellaneous ① 19.0 20.0 2 1 22.0 19.5

Block rock ② 22.0 23.0 5 3 30.0 28.0

Silty clay-clayey silt ②1 19.5 20.5 20 17 10.0 8.0

Intensely weathered

sandstone ④1

22.0 23.0 5 3 35.0 30.0
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established by the analytic means of mathematic statistics.

According to this model, the mechanism of instability of

shallow landslide under intensive rainfall is revealed. Fur-

thermore, it is revealed also that intensive rainfall is the most

decisive triggering factor of the landsliding.

Prevention Measures

The places with low stability safety factor and construction

suitability, have a relatively lower construction suitability. We

should do a detailed survey before engineering construction.

Second, stage of engineering construction, shall be car-

ried out according to the engineering geological exploration.

We should try not to change the original geological environ-

ment, and to reduce the steep slope of cut slope of existing

scarp area and in the future construction of excavation. Slope

stability analysis should be done for the construction of slope

supporting system and permanent support. The design

scheme of slope stability analysis, slope is in unstable con-

dition, if the design should be taken to secure the retaining

wall slope rate or the necessary structure (e.g., retaining wall

or anchorage system), to maintain the permanent stability of

slope.

Third, in the process of engineering construction, to dis-

mantle the construction waste and excavation, which pro-

duced during stacking. choose appropriate position follow

both can affect the ecological environment, but not for debris

flow provenance principle. The abandoned building garbage

wastes should be appropriate handle with.

Control measures should be carried out. The protection of

vegetation, in construction process and the bare hillsides to

strengthen the greening should be pay attention to. The

mountain should not be transformed on a large scale. The

slope drainage system should be strength, according to geo

logical condition. build up the intercepting drain, enhance

flood debris flow and so on.

Finally, a detailed and systematic monitoring program

should be carried out. We should strengthen the geological

disaster monitoring system, and establishment emergency

contingency plans.

Discussion and Conclusions

Landslide is significantly hazardous especially on the

urban fringe of metropolitan region, because of their

possible catastrophic damage on downstream settlements

and infrastructures. Some constructional engineering is

now on the agenda in these areas. Although there is no

geomorphic evidence indicating that this landslide is still

active, it has not yet reached the position of minimum

potential energy. Hence, it is possible for the landslide to

be reactivated under certain conditions. However, the

risks of extreme, if rare, hazards from future landsliding

events may be seriously underestimated. The ability to

identify the occurrence of such events and interpret the

consequence is necessary for estimating future risks.

Detailed geotechnical investigations for evaluating the

stability of the landslide are carried out in this study with

due consideration for future risk.
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Estimation of Direct Landslide Costs in Industrialized
Countries: Challenges, Concepts, and Case Study

Martin Klose, Lynn Highland, Bodo Damm, and Birgit Terhorst

Abstract

This paper presents a short summary of the challenges and concepts in previous landslide

loss studies and introduces a methodological framework for the estimation of direct

landslide costs in industrialized countries. A case study of landslide losses for federal

roads in the Lower Saxon Uplands (NW Germany) exemplifies the application of this

methodology in a regional setting.

Globally, the costs of landslide damage are proven to be of economic significance, but

yet efforts for their systematic estimation are still rare. The evaluation of landslide costs

requires the consideration of complex causalities and high spatiotemporal variability.

Landslide impacts on economic systems vary as a function of their level of development,

and specific methodologies are required for different geographic areas due to the difficulty

of comparing widely dissimilar types of economies.

In this approach, landslide costs are spatially extrapolated from sub-regional levels after

their calculation in representative case study areas. In the first step, cost survey is closely

linked with methods of cost modeling, which in turn take advantage of landslide database

information. The cost extrapolation to large-scale levels is realized by a landslide suscepti-

bility model combining cost figures with indices of infrastructure exposure.

Keywords

Direct landslide losses � Cost estimation � Industrialized countries

Introduction

Today’s global disaster and landslide hazard databases pro-

vide vital information on the large number of landslide

catastrophes that probably cause hundreds of millions of

dollars in annual losses worldwide (CRED 2013). The total

costs of global landslide activity exceed the sum of these

single, exceptional landslide disasters, and are rather driven

by the thousands of smaller, less dramatic landslide events

and insidious landslide losses, which are widespread on the

world’s rapidly developing hillsides. Despite evidence that

landslides burden global society with billions of dollars in

damage costs each year (Kjekstad and Highland 2009), there

remains a deficit of reliable cost estimates obtained using

methods that provide a representative view of the structure

and long-term average of landslide costs. This is mainly due
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to unique challenges in the study of landslide costs, which

relate not only to complexity in landslide occurrence, but

also dependency on a variety of cost factors independent of

landslide magnitude. Although fundamental understanding

of landslide costs is critical to promote disaster resilience

and economic well-being of communities worldwide, most

current research is about advancing the achievements of

early cost studies, especially those in the United States

(Schuster 1996).

Many U.S. cost studies focused on the compilation of

data sets on landslide costs in specific case study regions

during periods of increased landslide activity. Based on cost

survey, these studies developed annual reference costs as

reference points and extrapolated these cost figures to obtain

regional and national cost estimates. Up until now, there has

been high priority placed on cost assessment for transporta-

tion, especially the U.S. highway system. In recent

investigations, cost survey, which typically includes expert

interviews and archive studies, is also combined with proba-

bilistic cost modeling and methods of socioeconomic evalu-

ation (Crovelli and Coe 2009). Special emphasis is placed on

the development of strategies for retrieving cost data more

systematically, because lack of documentation and data

transparency is often identified as a major drawback of

early U.S. cost studies (Highland 2006).

In Europe, the study of landslide costs has only recently

received attention, as is the case in most parts of the world.

Thus, globally just a few additional studies are available so

far. Recent studies have identified promising concepts,

including classification of potential socioeconomic losses

and design of cost scenarios (Alimohammadlou et al. 2013;

Vranken et al. 2013). The potential of new tools for cost

modeling based on landslide databases and disaster response

models will improve the applicability of small-scale to

large-scale extrapolations (Klose et al. 2012).

The challenges in estimating landslide costs are signifi-

cant, but improved options in cost survey and cost modeling

address these concerns, and have reduced uncertainty. In

what follows, a summary of the evolution of landslide loss

studies, and a methodological framework for the estimation

of landslide costs in industrialized countries is presented.

Challenges and New Options in Landslide Cost
Estimation

The Complex Nature of Landslide Costs

A major challenge of systematic cost estimation originates

from the nature of landslide occurrence itself. Landslides are

often local phenomena with limited areal extension, but

show complex distribution in space and time, as do their

costs (Fig. 1). In general, there are two extreme patterns of

landslide costs that are identifiable: local clustering that

results from a single and large triggering event; and wide-

spread dispersion over periods of time. Typical for the tem-

poral dimension of landslide costs is high cost volatility

accompanied by a significant portion of costs that is roughly

constant over time. In contrast with most other natural

hazards, landslides impact society not only as sudden

disasters with large associated costs; they also cause isolated

but prolonged damage leading to significant insidious losses.

Ironically, such damage receives little attention, making

landslides a costly everyday hazard in many areas.

Besides these spatiotemporal factors, cost complexity is

influenced by landslide types and processes and methods of

disaster response. Most types of landslides result in specific

kinds of damage, such as that experienced by transportation-

related infrastructure. Usually, their translation into mone-

tary losses is difficult, since they are beyond functional

expression through simplified damage-cost-relationships.

One important reason is that a major part of damage and

avoidance costs depends on the practices of post-disaster

mitigation and the state-of-the-art of remediation and pre-

vention. These cost factors are widely controlled by the level

of public and individual risk acceptance, and thus the under-

lying societal conditions. As a result of disparities in techni-

cal and adaptive standards, coping with landslides differs

throughout the world. This also causes their impacts and

costs to vary geographically, specifically as a function of

the region’s level of economic development.

Supportive Database Systems and GIS
Technology

Currently, all approaches of landslide cost estimation benefit

from the advancement in database technology and the func-

tionality of tools such as geographical information systems

(GIS). The recent progress in digital data organization and

archiving extends the pool of usable damage and cost infor-

mation in online archives or accounting systems and

simplifies its storage in scientific databases. Along with

improved methods of computerized data inquiry, these

tools provide effective data capabilities for cost survey and

support data acquisition. Additionally, new geospatial tools

and web resources foster landslide news tracking and

disaster documentation, which improves the quality of land-

slide databases used for cost estimation.

Despite advanced information access and data

processing, the compilation of accurate cost data is still

labor-intensive and time consuming. Consequently, consis-

tent loss records with a high degree of data homogeneity are

difficult to compile on regional or national scales. As a

result, cost estimations are nearly always fraught with high

uncertainty. For example, GIS technology can eliminate the
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problems of scale incompatibility that often occur when

combining different data sets that occur at different geo-

graphical scales, which was a significant drawback before

the use of GIS.

Methodological Framework for Estimating
Landslide Costs

General Overview

The presented methodology is a two-tier approach with

special focus on the estimation of direct landslide costs in

industrialized countries. The methodology relies upon a

framework to spatially extrapolate landslide costs from

sub-regional levels by combining cost figures from represen-

tative case study areas with index values of infrastructure

exposure at larger, regional levels (Fig. 2).

An effective starting point for cost estimation is a land-

slide database, such as one of those maintained by our

working group (Damm 2013; USGS 2013). The main idea

of this approach is to calculate past landslide costs by apply-

ing various techniques to broaden and monetize these pre-

existing data sets. The key tools to compile cost data on sub-

regional levels are cost survey and cost modeling. The goal

is to obtain specific cost figures for exemplary case study

areas over a reasonably reliable time period of about 30

years ago to present, which is a time period when landslide

inventories and assessments provide the most detailed, com-

prehensive data.

The focus of the second tier is to approximate landslide

costs over broader areas by cost extrapolation. This extrapo-

lation is performed using an infrastructure exposure model

derived from landslide susceptibility modeling. The purpose

of this model is to identify the area of infrastructure poten-

tially at risk and to enable the development of indices of

infrastructure exposure. The assumption behind the concept

of cost extrapolation is that identified hazard areas probably

experience similar costs per area as comparable areas at risk

in various case study regions.

Cost Compilation on Sub-regional Levels

A key aspect of sub-regional cost compilation is cost survey.

The ultimate goal is to retrieve first-hand loss data for recent

landslides through targeted expert interviews and data

mining of accounting and archive systems. Cost survey is

of special importance for two reasons: first, it usually

provides the best and most reliable cost estimates; and

Fig. 1 Landslides are characterized by a complex distribution in space

and time, which makes cost estimation difficult. This photograph shows

widespread landslide activity on highly urbanized slopes in southern

California (USA) as result of severe winter storms in December 2004,

and January, February, and March 2005 (Photo by J. Godt, USGS)
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second, it is in some cases the only way to obtain data on

landslide losses.

The second major tool of cost compilation is cost

modeling based on landslide databases (Klose et al. 2012).

The objective of cost modeling is to estimate direct landslide

costs by using database information on landslide process

types and associated damage. The workflow of cost

modeling starts with the assignment of a landslide event to

a disaster response model. These models are designed to

simulate the different steps of cost-relevant mitigation for

various land use classes after specific types of landslides.

Each disaster response model is a cost chain that provides

the costs involved in coping with landslide hazards over the

full disaster cycle. The simulated steps of disaster response

are first calculated by applying cost modules, which have

been previously computed. The function of cost modules is

to monetize some of the most common emergency, recovery,

and mitigation measures. The cost modules are based on

prices listed in construction cost databases or refer to cost

proxies from disaster planning and engineering practice. To

simplify cost modeling, detailed cost modules are replaced

by overall cost categories of the total costs of certain types of

landslide damage.

The key economic data for cost extrapolation are cost

figures derived from the results of sub-regional cost compi-

lation. The idea of these cost figures is to break down the

costs in affected land use classes to their spatial extension.

Thus, each cost figure defines the total costs per km or km2

of specific types of land use area, which enables cost

extrapolation.

Cost Extrapolation to Regional and National
Levels

The core focus of cost extrapolation is to continue cost

estimation on regional and national levels by applying

GIS-based tools to upscale the results of sub-regional cost

compilation. Two basic modeling concepts are used in this

context: first, a landslide susceptibility model, preferably

one with special capability for regional applications (Klose

et al. 2014), enables the spatial identification of areas with

predisposition to landslides; and second, this model is

modified to an infrastructure exposure model that provides

the spatial distribution of potentially endangered land use

types. The purpose of this infrastructure exposure model is

to support the calculation of exposure indices that

approximate the spatial extent of the hazard area in each

land use class. The data on infrastructure exposure is used to

update the cost figures, so that they describe the land use

class’s costs per area at risk; this is more precise, if

differentiated in the levels of landslide susceptibility. Subse-

quently, cost extrapolation of sectorial or overall landslide

costs is performed by simple spatial operations in a GIS

application.

Validation of the Cost Estimation on Both
Spatial Levels

The validation of the obtained cost estimates is an essential

part of this methodology and concerns both cost modeling

Fig. 2 Methodological framework for landslide cost estimation
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and cost extrapolation. A validation system should be used

to cross-check the results of cost modeling with reference

data from cost survey. Many different techniques are avail-

able to evaluate the accuracy and quality of landslide sus-

ceptibility models. The concept of the prediction and success

rate proves to be most effective for regional applications

(Chung and Fabbri 2003; Klose et al. 2014).

Regional Application and Test of the
Methodology

Local Costs at Highways: A Case Study in NW
Germany

The proposed methodology has been applied to estimate

regional landslide costs for federal roads in the Lower

Saxon Uplands in NW Germany. The case study area for

cost compilation covers about 250 km2 and is part of the

Upper Weser region, where federal roads either pass through

landslide-prone river valleys or traverse large plateaus with

widespread areas that are free of any hazard potential. Land-

slide susceptibility and exposure is derived on the basis of a

bivariate statistical modeling concept, known as the Infor-

mation Value approach for regional applications (Klose

et al. 2014). This model predicts that about 15 km of federal

roads are located in potential hazard areas. Most of the 33

landslides that had been recorded between 1980 and 2010

caused damage and resulted in costs related to the repair of

cut slopes and embankments or hazard mitigation with rock-

fall barriers and slope stabilization systems (Fig. 3). In this

31-year period, direct landslide costs were about $23.5 mil-

lion (in 2013 values), which corresponds to annual average

costs of around $0.76 million. The annual costs per km of

potentially endangered road account for more than $52,000

on average (Fig. 4).

Regional Costs at Highways: An Estimate for NW
Germany

The Lower Saxon Uplands are a mountain area in Central

Europe with both key areas and local clusters of landslide

hazard exposure to road infrastructures. This test region

makes up less than 0.2 % of the EU-28 territory and contains

about 3 % of the federal road network in Germany. The

regional hazard patterns widely approximate those of the

case study area. In total, 77 km of federal roads are built

on unstable slopes, whereby a major part can be found in

deep-cut river valleys of the Harz Mountains. The regional

cost extrapolation for federal roads results in an estimate of

annual average costs of about $4.02 million (Fig. 4).

Discussion

The specific problems of estimating landslide costs for trans-

regional levels require a special combination of methods and

a concept for systematic data fusion. The presented method-

ological framework is one first step towards an integrated

research design for landslide cost estimation in

industrialized countries.

A test application of this preliminary toolkit proves its

basic capacity to serve as a valuable basis for more elaborate

regional or national cost studies in the future. Although it

reduces critical dependency to empirical cost data on macro

levels, the prerequisite of comprehensive loss records for

selected case study regions is seen as major drawback, as

their compilation is still a challenging task.

Further research work has to address crucial weak points

related to the concept of infrastructure exposure. In its cur-

rent usage, it simply defines a potential threat for

infrastructures located on a probable landslide mass, but

ignores hazard exposure in potential pathways of landslide

movement. A major economic research question is whether

to operate with annual average or median costs, for example,

as this decision strongly influences the results of future cost

studies.

Fig. 3 Typical landslide damage to federal roads in the Lower Saxon

Uplands (NW Germany) that caused repair costs of about $210,000 (in

2013 values) in the year 2003
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Conclusions

The annual costs of global landslide damage probably

account for billions of dollars, but yet there is still a

lack of concepts and tools for their systematic estimation.

This mainly relates to the complex nature of landslide

occurrence and cost dependency to highly diverse cost

factors. This paper presented a preliminary framework of

well-established and newly developed methods that in

combination may allow for effective ways to overcome

this huge research deficit in future cost evaluations.
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Estimation of Landslide Impact Disaster by Discrete
Element Method: Jiangping Hydropower Station,
Hubei, China

S.N. Wang, Chong Shi, Weiya Xu, Yulong Zhang, and Hailong Zhang

Abstract

An evaluation model of landslide risk is established with PFC in order to study the impact

effect of landslide on existing buildings in Jiangping hydropower station, Hubei, China.

The corresponding numerical parameters of parallel bonding are obtained during the

calibration step, in which some biaxial compression tests are carried out. The conversions

of energies among body force work, kinetic energy, strain energy, friction work and bond

energy during the process of landslide motion are discussed based on the law of conserva-

tion of energy. Then the relationships among the impact energy, the geotechnical strength

parameters and the outrun distance of landslide are studied. The results show that the

calculated impact energy gotten from the proposed landslide model is far less than that

gained from the rigid body model. The calculation of the proposed method is on the safe

side. The total energy carried by the landslide is originated from the loss of potential

energy. The calculated impact force has a less effect on the buildings because the dissipa-

tion of the friction energy caused by medium disintegration is neglected in the later. The

weaker the degree of the medium cementation is, the greater the proportion of the friction

energy dissipation is, and the smaller the corresponding proportion of landslide impact

energy is. The landslide impact energy has a linear relation with the bond force between

particles, and the maximum landslide impact energy decreases exponentially with the

increase of the landslide horizontal movement distance. The simulation also shows that

the ratio of the impact energy accounting for the total loss of potential energy in the

proposed weak bond model is more than about two times of the sledge model, as well as

more than about three times of the strong bond model. The proposed model is closer to the

actual landslide motion process, so it has great promise in estimating the hazard of landslide

on buildings.

Keywords

Landslide disaster � Impact energy � Dynamics simulation � Discrete element

method � Slope engineering � Jiangping hydropower station

Introduction

A landslide is a common geologic disaster. Its essence is a

complex dynamic evolution process of geological body.

When a landslide occurs, huge mass energy would be

released and may cause different degree of impact damage

on buildings at the toe of slope. If the impact energy is

large enough, the buildings would be destroyed
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immediately. Therefore, the quantitative analysis on a

landslide is greatly affected by the estimation of the land-

slide impact energy (Uzielli et al. 2008; Wu et al. 2010).

Generally, the most common method used in calculating

the sliding speed of a landslide is the kinetic energy theorem.

When a landside begins to slide, the potential energy will be

released to overcome the frictional resistance of the sliding

surface and be transformed into kinetic energy of the land-

slide at the same time. According to the kinetic energy

theorem, the work of external force on the landslide is

equal to the change of the landslide kinetic energy. So the

velocity of the landslide can be calculated easily. Prediction

and estimation about the velocity of a landslide (Scheidegger

1973) were firstly proposed according to the law of conser-

vation of energy, in which the velocity of a landslide was

deduced according to the transform principles between the

kinetic energy and the potential energy. Subsequently,

Hunter and Fell (2003) divided the landslide into an impact

body and an afflicted body, and a 2D rigid body model of

landslide was established to analyze the landslide impact

effect. Then the judgment about the accumulation effect of

impact force over some impact time, as a main criteria, was

also proposed to evaluate whether buildings were destructed

or not (Zhang et al. 2006; Huang et al. 2009).

A landslide will slow down gradually at the later stage of

sliding, and would stop at a certain distance from the slope

toe owing to the larger frictional resistance. It shows that the

landslide has an obvious spatial effect. The most famous

model used in prediction of sliding distance is the sledge

model (Sassa 1985; Zhang 2011). It supposes that all energy

losing in the sliding process is caused by the friction of

bottom sliding surface. If the landslide body is regarded as

rigid body, the height deviation and the horizontal move-

ment distance of the landslide taking place before and

after are known, then the potential loss of the landslide

should be the energy loss caused by the friction work

(Zhang et al. 2009; Chen et al. 2010). However, though the

kinetic energy theorem is relatively suitable for analyzing a

linearity sliding surface, if the doing work of the surface

friction resistance are only considered the method will lead

to a large error for a non-linear sliding surface in the calcu-

lation of landslide impact energy, especially when the slid-

ing surface is curved, there will be some fracture and slaking

phenomena involved along the surface of landslide (Pan

1980). What’s more, the calculation result based on the

kinetic energy theorem is an average velocity of the entire

landslide body, so it cannot reflect the dynamic changes of

velocity in the sliding process. Some related landslide tests

have shown that the integrity of a landslide body has a great

influence on the magnitude of impact energy (Kaynia et al.

2008). If the landslide body is pulverized completely in the

sliding process, the landslide impact energy will greatly

decrease; on the contrary, if the integrity of the landslide

body is well, the landslide impact energy will be extremely

obvious.

Actually, the energy loss of landslide is not only caused

by the friction resistance of sliding surface but also related to

some internal factors, such as collision, slaking and rolling

friction. Therefore, it is too difficult to give an accurate

assessment of landslide hazard by the simplified analysis

based on the kinetic energy theorem. In this work, in order

to consider the influence of the landslide slaking on the

magnitude of impact energy, the interaction of grains is

allowed to make a completely inelastic collision, and an

evaluation model of landslide risk is established with

PFC in order to analyze the landslide impact energy on the

possible afflicted body. Then the landslides under different

horizontal movement distance and geotechnical strength

parameters are disscused to evaluate the landslide risk.

Engineering Situation

The workshop of Jiangping hydropower station in Hubei,

China, is located on the riverbed’s left side of downstream,

which belongs to the first terrace between the excavation

boundaries of dam site and No. 15 gully. The catchment area

controlled by the dam site is 2,140 km2, the designed

operating impounded level is 470.0 m, the total installed

capacity is 450 MW, and the rated head is 153.0 m. It

belongs to the lager project (I) according to the classification

and design safety standard of hydropower project in China.

The slope gradient above 350 m in elevation is 65–75�,
and below 350 m is 20–30�. The medium above 300 m in

elevation are residul, travertine cementation sediment and a

small mount of landslide deposits about 5–15 m in thickness.

The layer below 300 m in elevation is riverbed overburden,

which thickness is 20–24 m and can also be divided into two

layers. The upper part is modern fluvial deposits. It is com-

posed of sand gravel, crushed stone, rubble and little sand

soil, and the thickness of them is 4–5 m. The lower part is

sedimentary facie of barrier lake, which is composed of

humus brown-gray gravel, siltstone and fine sand, and the

thickness of them is about 14–19 m. The cue depth of No. 15

gully is 10–15 m, which is developed and close to the ground

workshop. The flow of water is 0–5 L/s in dry season while

50–100 L/s in flood season. The thickness of collapsed

accumulation layer in the gully outlet is 3–15 m. In the

gully bottom above 315 m in elevation, there are exposed

siltstone bedrocks. And on the both sides of the gully, there

are residul, travertine cementation sediment about 3–15 m in

thickness.

The layer above 360 m in elevation is thick-layer lime-

stone. While below 300 m in elevation is siltstone and slate.

In this segement of slope, faults develop well and dissect the

scarps of the upper bedrock in large angle. The trend of some
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faults are even coincident with that of the slope. The geolog-

ical analysis indicates that there is only the faults combining

with each other or the layer surface but no deep blocks with

low stability formed. The in situ survey shows that the

blocks with bad stablity, the loose bodies and the wing

body formed by joint combination develop well in superfi-

cial layer. The rock mass is weaker and have been broken

seriously about 10–20 m in depth. Once the slope is dis-

turbed by the external factors such as rainfall, excavation

and earthquake, it may offer greater potential for a landslide,

as shown in Fig. 1. And because the sliding direction of the

landslide points at the workshop, when the landslide arrives

at the toe of the slope, it may threaten the safety of the

workshop. Therefore, determine how to estimate the land-

slide risk under unfavourable load reasonably is very neces-

sary for the treatment of the slope and the precaution of

landslide impact disaster on the workshop.

Damage Assessment of a Landslide

The landslide is the result of combined action of landslide

body and buildings as shown in Fig. 2. There are great

differences in disaster results for the same landslide due to

different locations and types of the buildings. Thus, it is far

from enough to only analyze the stability of the landslide

body in a disaster loss assessment, the degree of impact

damage for the buildings caused by a landslide should be

also taken into account. In general, it is believed that the

influence of landslide impact energy on the buildings is

mainly controlled by the frictional coefficient of sliding

surface, the internal bond strength of landslide oneself and

the distribution of buildings.

However, though the loss of gravitational potential

energy will overcome the frictional resistance converting

into kinetic energy, the impact energy will be gradually

transformed into the strain energy of the buildings in the

sliding process and the strain energy of the buildings will be

dissipated by degrees due to the unrecoverable plastic defor-

mation as shown in Fig. 3. Those dissipations may lead to

both the collapse and damage of the buildings. The damage

of the buildings with varied anti-impact strength will also be

different.

At present, it still little uses the transient impact force in

the field of landslide dynamic mechanics as a standard to

judge whether a building is destroyed or not but adopts the

impact energy to evaluate the security of the buildings.

If the maximum lanslide impact energy on a building is

regarded as the safety indicator to evaluate the security of

the afflicted body, the main landslide disaster cause for the

building is supposed as the horizontal impact damage, the

horizontal displacement of the building is neglected, then the

numerical anti-impact energy of the building in good condi-

tion of rigid constraints is just the definite integration of

impact force changing from 0 to Umax (Umax is the maximum

deformation of the building).

If the landslide movement is divided into the sliding stage

and the impact stage, the kinetic energy will increase with

the loss of potential energy in the first stage while the sliding

speed will decrease gradually for the properties of landslide

oneself and barriers in the later stage. The transforming

relationship of the landslide energy can be expressed

according to the law of conservation of energy as follows:

WI ¼ WA �Wf1 �Wf2 �Wf3 ð1Þ

Fig. 1 Potential landslide

volume and sliding surface

Fig. 2 The conceptual model of landslide

Estimation of Landslide Impact Disaster by Discrete Element Method: Jiangping. . . 671

http://dict.cnki.net/dict_result.aspx?searchword=%e5%8f%af%e8%a1%a8%e7%a4%ba%e4%b8%ba&tjType=sentence&style=&t=can+be+expressed+as
http://dict.cnki.net/dict_result.aspx?searchword=%e5%8f%af%e8%a1%a8%e7%a4%ba%e4%b8%ba&tjType=sentence&style=&t=can+be+expressed+as


WhereWI is the dissipation of landslide impact energy on

the building (J); WA is the landslide gravitational potential

energy at the initial position (J); Wf1 is the dissipation of

friction energy on the sliding surface in the landslide move-

ment process (J); Wf2 is the dissipation of internal energy in

the sliding stage; Wf3 is the dissipation of internal energy in

the impact stage (J).

Generally, the dissipations of the friction energy Wf1 and

the internal energy Wf2 are neglected in the rigid energy

analysis. However, those energies occupy a great proportion

in the actual loss of the potential energy. The deviations of

calculated energy may be very large compared with the

actual situation, and the landslide hazard would also be

difficult to be assessed reasonably. Therefore, determining

how to take those energy losses into account is the key

problem to solve such problems. The discrete element

method just has advantages in solving those issues since

large deformation can be simulated.

If a landslide is regarded as an union that is composed of

thousands of small blocks, then the accumulated effect of

impact force is equal to the reduction of landslide momen

tum under the impact force according to the momentum

theorem.

X
miv

0
i ¼

ðt2

t1

F tð Þdt ð2Þ

Where m is the mass of the landslide body in unit width

(m/s); v0 is the impact speed (m/s); t1 and t2 are the beginning
and ending time of the landslide impact (s); F(t) is the impact

force of unit thickness (N s).

If the landslide body is just little broken and regarded as a

consistent in deformation, then the reduction of kinetic

energy can just be deemed to the impact energy approxi-

mately.
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Actually, the kinematic velocity of each part is inconsistent

after the landslide body is slaked, and there may be a certain

error in formula (3) when the impact energy is estimated.

Numerical Simulation of the Landslide

Numerical Simulation Concept

PFC2D (Two Dimension Particle Flow code) provides a

powerful and useful tool for studying meso-mechanical

behaviors of granular materials (Itasca Consulting Group

2004). A discrete element method is used to simulate struc-

tural problems and interactions of arbitrary shape blocks,

which are made up of connected particles. The local simula-

tion results are expected to study boundary value problem of

continuity constitutive calculation. The response of material

mechanics can be mapped from the physical domain to the

mathematical domain. In PFC, the contact forces and

positions of particles are continuously updated by explicit

finite difference method, the law of force-displacement and

Newton’s law of motion are applied alternatively in order to

simulate the motion and interaction of particle medium, as

shown in Fig. 4.

All physical mechanical behaviors of granular materials

can be simulated through their contact constitutive relations

in PFC. The contact stiffness model at every contact position

is made of three parts, including the contact stiffness model,

the sliding model and the bonding model.

1. Contact Stiffness Model

When particles are in a relatively balanced state, the

contact force of each particle is a constant. The contact

force between particles has a proportional relation with

the overlap region and average stiffness of particles.

Fn
i ¼ KnUnni

ΔFs
i ¼ ksΔUs

i

�
ð4Þ

Where Fi
n is the normal contact force (N); Kn is the

normal secant contact stiffness that describes the relation-

ship between the total normal stress and the total normal

displacement (Pa); Un is the total normal displacement

(m); ni is the unit normal vector; △Fi
s is the shear stress

increment (N); ks is the shear stiffness that describes the

relationship between the increments of shear stress and

shear displacement (Pa); △Ui
s is the shear displacement

increment (m).

Landslide movement

Loss of gravitational potential energy
during landslide process 

Structural deformation
and failure 

Internal energy release
due to the grain friction

in landslide  

Natural repose of landslide

Combined action of
landslide and buildings 

Kinetic energy

Landslide impact
process 

Internal energy
release due to the
landslide slaking  

Strain energy  dissipation
due to unrecoverable
plastic deformation  

Fig. 3 Energy conversion sketch of landslide

Newton's Laws of Motion
(applied to each particle)

·resultant force and moment 

Law of Force-Displacement
(applied to each contact)

·relative motion and constitutive law  

contact forces

update particle + wall
positions  and set of contacts   

Fig. 4 Calculation principle in PFC2D (Itasca Consulting Group 2004)
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2. Sliding Model

The sliding model is an inherent feature of inter-

contacting entities. If a relative displacement occurs

between two particles, the relationship between tangen-

tial contact force and normal contact force can be

represented by the sliding model. The contacts between

particles are inspected through checking the maximum

allowable shearing stress. If Fi
s>μ|Fi

n| (μ is the sliding

friction coefficient), a sliding movement will be allowed.

3. Bond Model

In this study, the contact bond model is used for soil mass

to denote its loose feature while the parallel bond model

is used for rock mass to limit the total of normal stress and

shear stress at contact positions since it can bear both

force and torque at the same moment as shown in the

Fig. 5. The contact bond only affects a small area around

contact point. The parallel bond works within a limited

range of circular section among particles.

In Fig. 5, xi
A denotes the center position of particle

A (m); xi
B denotes the center position of particle B (m);

xi
C denotes the center position of contact (m); F

n
i denotes

the ith normal contact force (N); F
s
i denotes the ith

tangential contact force (N); M denotes the ith torque

(N s); L denotes the overlapping between particles and t is

the thickness of disks (m).

Because the landslide impact force is related to its

meso-mechanical parameters in the landslide process,

the contact type and the meso-structure parameters of

the model should be determined through a numerical

calibration prior based on the strength parameters of a

landslide’s rock and soil mass stemming from a

conventional laboratory test. And once the basic meso-

mechanical parameters are determined, the landslide

impact disaster can be simulated.

Numerical Modelling of the Landslide

The landslide will be simulated to estimate the landslide

impact disaster by the energy statistic program, in which a

PFC model will be established by PFC with different particle

size. However, there is still no theoretical formula for

transforming the meso parameters into the corresponding

macro parameters directly because the macro mechanical

characters of material are determined by the properties of

material itself. So a series of biaxial tests should be carried

out to calibrate the macro-mechanical characteristics of rock

and soil mass. The optimization method should also be

adopted to select the closest meso parameters matching

with the results of the macro-test as the media parameters

of micro-mechanical characters of landslide. In this work,

the elastic modulus of material is 0.05 GPa and the

corresponding Poisson’s ratio is 0.32. All bond particles

with the radius from 0.1 m to 0.3 m are generated randomly

in the range of 5 m � 10 m using circular disks as shown in

Fig. 6a. The lateral pressures are applied, including 0.0 MPa,

0.1 MPa, 0.5 MPa and 1.0 MPa. For the rock mass, the

parallel bond radius multiplier pb_rad is 0.8, and the bond-

ing strength is pb_n ¼ pb_s ¼ 1e5 N. Then the stress–strain

curve is obtained by the calibration tests as shown in Fig. 6b.

The energy impact model of the landslide matching with

the actual engineering are established with different horizon-

tal outrun distance as shown in Fig. 7. The models uses the

same particle composition with the biaxial compression

experiment. It is made up of 4,364 particles, the random

radius of which lies between 0.1–0.3 m. The porosity of the

model is 0.15 and the model area of the landslide body is

Fig. 5 The parallel bond contact

Fig. 6 Calibration of landslide parameters

Fig. 7 Impact model of landslide energy
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646 m2. The rigid blocks modeled by walls as the buildings

are set at the diffferent horizontal disaster from the slope toe

in order to analyze the changes of impact energy.

Typical Impact Curve of the Landslide

There are three situations taken into consideration based on

the normal and tangential cohesion between particles: a.

weak bond strength pb_n ¼ pb_s ¼ 1e5 N, b. moderate

bond strength pb_n ¼ pb_s ¼ 1e6 N, c. strong bond

strength pb_n ¼ pb_s ¼ 1e7 N. The value of damp is set

to zero. The typical impact curve of the landslide is shown in

Fig. 8. The whole landslide process can be divide into three

stage: free sliding stage (0, t1), fluctuating impact stage

(t1, t2) and stable stage (t2, t3). During the first stage the

landslide begins to slide under the action of gravity or

external force and is slaked owing to the damage of cemen-

tation among particles. When the landslide arrives at the

limited position it has an impact on the buildings. The

maximum impact force on the buildings occurs in the impact

stage. When the landslide is hindered, the former geo-

materials will be squeezed by the later, and the impact

energy will increase the decrease of the kinetic energy. If

the landslide impact cannot cause a building damage, the

landslide will accumulate in the front of obstacles. But if the

landslide impact can cause the building damage, the

obstacles will be damaged in the increasing stage of impact

energy and the landslide will even pass over the obstacles at

a higher sliding speed. When the landslide is in the last stage,

the impact energy will be converted into the lateral pressure

gradually. But if the failure occurs in this stage, the static

lateral pressure must be the culprits.

However, the total motion energy mainly comes from the

loss of potential energy in the sliding process. If the strength

of medium is weaker, the frictional energy will account for a

large proportion in the loss of potential energy. The larger

the proportion is, the smaller the corresponding impact

energy is. The transformation of different energies during

the sliding process is shown in Fig. 9 comparing with the

values before the landslide slides. Both the frictional energy

and the kinetic energy present the changes of “firstly
increase then decrease”, which is in accordance with the

status of the landslide. That the final strain energy is not

equal to zero is just for the reason of the accumulation by

gravity. Table 1 is the calculated impact energy of unit width

under different control parameters.

It is easily to find that the impact energy on the buildings

located at slope toe is the biggest. The impact energy reduces

exponentially with the increase of sliding distance as shown

in Fig. 10. When the landslide reaches the slope toe, it will

decrease gradually in the stage when the landslide moves in

the horizontal. Therefore, the damage risk of the buildings

can be decrease effectively by a reasonable distance. What’s

Fig. 8 Typical load curve under impact effect

Fig. 9 Energy transform during sliding process. (a) Frictional energy,

(b) kinetic energy, (c) strain energy
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more, for the medium bonds together before sliding, the

landslide has a certain strain energy. When the landslide is

in initial sliding state, those strain energy will be released,

which is just the reason for why the loss of potential energy

is less than the sum of other energies. When the bonds are

destroyed gradually because of the squeezing between

particles the total strain energy will be increased. And

because the proportion of strain energy accounts for the

loss of potential energy less than 1 %, this kind of energy

can be neglected in energy calculation.

It is obviously that the geometric characteristics of the

landslide body are important factors, which will lead to a

great differences in the impact energies under different

practical projects. If the collisions between the langslide

and the buildings are completely inelastic, then the impact

energy with different rock parameters and horizontal dis-

tance will also be different. If the bond of the landslide is

strong, the dissipation of friction energy between particles

will be little, the proportion of impact energy transformed

from kinetic energy will be high, and thus the impact energy

at slop toe will have an extremely high value and strong

destruction.

In this work, the time when the actual impact energy is

equal to the 5 % of kinetic energy across the slope toe is

taken as the ending time of simulation.

Research on the Impact Damage

The Effect of Landslide Medium Strength on
Impact Energy

If the deformation parameters of geotechnical parameters

are constant, the normal and tangential cohesion changes

proportionately, the law of landslide impact energy can be

obtained as shown in Fig. 11, in which the degree of bond is

moderate and the friction coefficient is 0.2, being taken as

the standard of zero. It shows that when the cohesion

between particles changes the landslide impact energy has

an approximate linear change accordingly, which just

indicates that the bond strength of landslide has an important

influence on impact force.

The landslide impact energy of No. 12 with strong bond

strength is 5 % less than that of No. 6 with weak bond

Table 1 Calculation results of impact energy of unit width under different parameters

No.

Distance

from the

slope toe/m

Bonding

degree of

landslide

Friction

coefficient of

sliding surface

Potential

energy

loss/MJ

Strain

energy/

MJ

Maximum

kinetic

energy/MJ

Fraction

energy/

MJ

Impact

energy/

MJ

Impact energy/

potential energy

loss

1 10 Weak 0.5 520 3.15 141 493 222.16 0.427

2 20 Weak 0.5 553 2.01 147 542 94.6 0.153

3 30 Weak 0.5 586 1.39 154 579 46.55 0.079

4 40 Weak 0.5 593 1.22 155 584 21.3 0.036

5 50 Weak 0.5 626 1.17 158 619 14.69 0.023

6 30 Weak 0.2 594 1.99 199 565 60.99 0.103

7 30 Moderate 0.2 612 1.48 217 597 82.98 0.136

8 30 Moderate 0.5 610 1.47 158 578 46.55 0.076

9 30 Moderate 1.0 608 1.28 133 556 19.88 0.033

10 30 Moderate 2.0 613 1.56 141 544 11.23 0.018

11 30 Moderate 3.0 616 1.58 145 528 4.91 0.008

12 30 Strong 0.2 596 1.95 206.3 594 89.47 0.150

Fig. 10 Attenuation relationships of impact energy to structures

caused by landslide
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strength as shown in Table 1. It shows that even if the

landslide has a strong strength, it still will make a lot of

internal energy dissipation and be crushed at the slope toe as

shown in Fig. 12. The bigger the red region is, the more the

damage of cementations is. It will cause a rapidly drop in

impact energy over a certain sliding distance. However,

because the landslide with weak bond strength is

fragmentized by nature, the internal energy dissipation

caused by collision with the ground is lower in the slope

toe so the proportion of the potential energy transformed into

the impact energy is higher. If the buildings are just located

at the slope toe, the landslide impact is more obvious for the

stage of dissipation lack of internal energy. Thus, a certain

buffering distance should be reserved to decrease the impact

risk of landslide which has a potential sliding hazard.

Research on Judgment Method of Structure
Damage

The impact energy resistance of the afflicted body with good

conditions can be denoted as Qmax to reflect the anti-disaster

ability of the buildings. And because the rigidity of common

structure is large, the elastic deformation stage is far short

than its plastic deformation stage, so all deformation stages

of the afflicted structures can be regarded as the plastic

deformation stages. The impact energy resistance of the

afflicted body can be defined as q ¼ Qmax – WI according

to the law of conservation of energy.

The coefficient of damage degree can also be defined as

follows:

η ¼ WI=Qmax WI � Qmax

1 WI > Qmax

�
ð5Þ

The (5) is a vulnerability quantitative evaluation model of

an afflicted body in landslide. The landslide impact curve

can be obtained by numerical simulation with granular dis-

crete element method, the impact energy resistance can be

calculated by the finite element method, and then both of

which can identify specific deformation damage state of the

afflicted body. The risk assessment for the landslide impact

disaster can be realized by making connections between the

damage coefficients and the specific deformation of features.

Because the damage due to the landslide on simple

affected block begins from one side of the building, the

landslide impact on the building can be simplified as a

cantilever that bears the horizontal resultant force as shown

in Fig. 13.

The bending energy of the structure under horizontal

impact force can be expressed as follows (He et al. 2009).

Qmax ¼
P2x3

6EI
ð6Þ

Where P is the maximum horizontal impact force of

inverse triangle load, which has an effect on the side of the

building (N); EI is the impact-resistance stiffness of the

building. The lateral bending stiffness of structures EI is

taken as EI ¼ 11PH4/(120u0), u0 is the roof displacement

(m), H is the building height (m).

After the impact and bending energy are obtained (5) can

be used to distinguish state of the structure under a landslide

impact. For the slope of Jiangping hydropower station, the

building is brick structure located at about 30 m far from the

slope toe where once a landslide occurs it may have an

impact on the buildings. According to the in stiu investiga-

tion, the wall is built of MU10 sintered brick and MU7.5

cements mixing mortar, thickness of 240 mm. As general

Fig. 11 Impact energy under different increment of meso-parameters

(Position B as shown in Fig. 7)

Fig. 12 Impact process for landslide

x

Resultant force

Building

Height

P

Fig. 13 Simplified impact damage model
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masonry structure takes on greater brittle, it can be regarded

as failure when the afflicted buildings do not meet the design

requirements, Qmax is determined as 8.46 MJ according to

corresponding designed parameters. All impact energies of

above case exceed the threshold, so it will be very dangerous

once the landslide sliding occurs. Some measure must be

done to improve the stability to avoid sliding.

Impact Energy Comparison with Different
Method

According to the Table 2, for the same landslide, the sledge

model with the rigid body hypothesis transforms 45.3 % of

the total inertia energy loss into the impact energy, while the

proposed model using PFC transforms more than about two

times of the impact energy of the sledge model, as well as

more than about three times in the state of strong bond. It

also shows that more than about 30 % of total energy is

dissipated in the internal friction work.

The landslide impact will be largely exaggeratted because

the internal friction work is classified to the kinetic energy,

which makes the building more dangerous. With a granular

discrete element method, several energy are easily distin-

guished and tracked, the results will be more close to reality

if the parameters of rock and soil is accurate.

Discussions

A landslide impact is a geological disaster triggered by

earthquake or rainfall. The stability of landslide is of concern

to the government and engineers. Therfore, the dynamic

process analysis for the formation of the landslide impact

is very important in planning the mitigation measures. In

order to understand the landslide impact disaster, the numer-

ical simulation methods are a helpful way since it can not

only simulate the large deformation but also monitor and

record the the formation process of the landslide. To date,

the numerical simulation for the formation of the landslide

can be achieved through two steps: slope failure and energy

statistic. Establishing a dynamic analysis model to simulate

the whole landslide movement would be very helpful to

estimate the impact on the buildings. But there are two key

issues for researchers and engineers taken into account for

the numerical simulation of landslide impact disaster: the

mechanism of landslide and the mechanical parameters of

rock and soil mass. Both of them are the prior conditions of

calculation.

In this work, the landslide is regarded as a process of

energy releasing, in which the meso mechanical parameters

is cabilcated with biaxial compression tests to meet the actual

macro mechanical behaviour. The langslide impact energy is

measured to estimate the damage of the buildings. Through

the results of numerical simulation, it is found that the impact

energy is connected with both the friction coefficient of

sliding surface and the strength of landslide itself, and the

landslide impact energy which makes the buildings damaged

is approximately equal to the difference between the loss of

potential energy and the increase of dissipated internal

energy. The impact energy after considering the geotechnical

medium can be disintegrated in sliding process is far less than

that of rigid body model, since the friction energy dissipation

caused by broken medium is neglected in the latter.

There are five mian kinds of energies transformed in the

sliding process. The loss of potential energy is the origina-

tion of the total energy of landslide. If the bonding degree of

the landslide is weaker and the frictional energy is larger, the

impact energy will be smaller. On the contrary, if the integ-

rity of the landslide is better, the impact energy will be

larger. The impact energy of the landslide has a linear

relation with the adhesive force between particles, and

decreases rapidly because of the collision with ground at

the slope toe. Meanwhile, since the maximum impact energy

of the landslide decreases exponentially with the increase of

landslide horizontal outrun distance, the damage risk of the

landslide on buildings can be reduce effectively through

setting a reasonable safety distance. The geometric charac-

teristic of the landslide also plays an important role in the

influence factor of impact energy. Therefore, the dissipated

internal energy of the landslide in a granular discrete ele

ment model can be considered of with less exaggeration,

compared with the rigid body model, and the impact energy

should be more close to the practical engineering than the

conventional method.

Table 2 Calculation of impact energy of unit width under different method

Method

Distance

to slope

toe/m

Bonding

degree of

landslide

Friction

coefficient of

sliding surface

Potential

energy

loss/MJ

Strain

energy/

MJ

Maximum

kinetic

energy/MJ

Friction

energy/

MJ

Impact

energy/

MJ

Impact energy/

potential

energy loss

The

proposed

model

30 Weak 0.2 594 1.99 198.6 565 60.99 0.103

30 Strong 0.2 596 1.95 206.3 594 89.47 0.150

Sledge

model

30 / 0.2 596 / / / 268.2 0.453
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Conclusions

A landslide impact energy analysis model of the

Jiangping hydropower station’s slope in Hubei, China is

established by PFC to evaluate the landslide impact

disaster on the buildings. The energy changes of landslide

is tracked, the reasonable impact curve is obtained, and

the transformation of various energies is sutied. The

results show that the landslide process is influenced by

the bond strength and the residual friction coefficient of

the landslide onself. The disintegration of rock and soil

mass is influenced by the assumed bond strength seri-

ously while the landslide ourun-distance and speed are

mainly influenced by the assumed residual friction coef-

ficient. Moreover, the computational results also indicats

that the proposed method using a granular discrete ele-

ment method is more close to reality if the parameters of

rock and soil is accurate.
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Assessing the Effect of Mitigation Measures on
Landslide Hazard Using 2D Numerical Runout
Modelling
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Chiara Calligaris, Paola Reichenbach, Cees van Westen, and Thomas Glade

Abstract

Landslide mitigationmeasures are used to reduce the risk affectingmountain communities. The

quantitative estimation of the change or reduction in risk, after implementing mitigation

measures, requires modeling of past events and the forward prediction of possible future

occurences. However, the forward-prediction of landslide hazard is subjected to uncertainties

due to the lack of knowledge on some key aspects like the possible source volume that can be

triggered andmodel parameters that determine the landslide runout. In this study, a back-analysis

of a debris flow event was carried out usingMassMov2D to create a set of parameter ranges for

forward-predicting runoutswithmitigationmeasures.We approached the issue of uncertainty by

systematically sampling parameters fromwide ranges and running hundreds of different runout

scenarios. Simulations from back-analysis were comparedwith the forward-predictedmodels to

determine changes in the spread and intensity of debris flows affecting elements at risk (e.g.

houses and roads). This study is a first step towards a quantitative risk assessment (QRA) being

carried out within the EC FP-7 funded CHANGES network (Grant Agreement No. 263953).
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Introduction

Numerical 2D runout models are used to study the flow

behaviour of landslide runouts and to produce hazard maps

for areas at risk (e.g. alluvial and debris fans). More recently,

2D runout models are being applied to forward predict or

forecast the effect of existing mitigation measures on future

landslide and debris flow runouts, deposit heights and

velocities (Takahashi 2009; Graf and McArdell 2011; Liu

et al. 2012). However, using model parameters from back-

analyses to forward-predict future runouts can lead to

uncertainties in the modelling results (Pirulli 2010), especially

if parameters from “past” events are used with “new” DEMs

containing mitigation measures. Therefore, it is necessary to

produce multiple scenarios in forward predictive modelling of

debris flows when analysing the effectiveness of mitigation

measures.

We propose in this study to use parametric sampling from

ranges based on back-analysis of past events and expert

knowledge to forward predict multiple debris flow runout

scenarios with recently constructed mitigation measures

using a high resolution DEM. The goal is to analyse whether

infrastructure in the study area is still at risk of being hit by

debris flows. This information can be used as a first step in

determining the quantitative change in risk and the residual

risk after implementing mitigation measures.

Study Area and Mitigation Measures

The Abitato Cucco settlement in the municipality of

Malborghetto-Valbruna forms a section of the Val Canale

valley of the Fella River basin (Friuli-Venezia Giulia region,

Eastern Italian Alps). On the 29th of August 2003, a debris

flow was triggered by a severe rainfall event, mobilizing

approximately 10,000 m3 of debris which breached an

existing mitigation barrier. Deposit heights exceeding 2 m

affected 13 to 14 houses (Fig. 1).

An estimated total of 1 million cubic meters of debris and

sediments in the Val Canale valley were mobilized

(Tropeano et al. 2004). Some of the recorded rainfall values

that triggered the event were: 88.6, 233.4 and 343.0 mm for

periods of 1, 3 and 6 h, respectively (Calligaris and Zini

2012). According to the analysis of rainfall data, the Abitato

Cucco debris flow had an estimated return period of 500

years.

After the 2003 event, the Civil Protection of the Friuli-

Venezia Giulia region started works on new mitigation

measures. Figure 2 shows the changes made at the Abitato

Cucco area. A small retention basin was constructed at the

upper part with a 10 m deep retention dam in the middle-

section, followed by a channel with a series of culverts

leading to the Fella River. Two houses were relocated due

to this adjustment.

Fig. 1 (Left) The Abitato Cucco 2003 debris flow from the initiation to

the deposit zone and (right) the breach of the barrier which damaged

several houses

Fig. 2 The mitigation measures constructed at the Abitato Cucco basin

following the 2003 event, including the two houses that were relocated
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Numerical Runout Modelling and Back Analysis

The Abitato Cucco debris flow was back-analysed by

Calligaris and Zini (2012) with the commercial Flo-2D

software. They used a 5 m DEM acquired from a pre-event

laser scanning. Then an attempt was made to forward-

predict a debris flow by manually manipulating the 5 m

DEM to simulate the new mitigation measures based on

field observations from 2007. However, after the 2003

event, thousands of cubic meters of material were removed,

which completely changed the morphology of the area.

Therefore, a new 1 m DEM was acquired in June 2008 by

the Civil Protection of the Friuli-Venezia Giulia region,

which includes the completed mitigation works. Before

this DEM can be used for forward-prediction, a back-

analysis is required according to the numerical runout

model that is chosen.

In this study, we applied the two dimensional single-

phase MassMov2D runout model (Beguerı́a et al. 2009)

running in the PCRaster GIS environmental modelling soft-

ware (Wesseling et al. 1996; Karssenberg et al. 2001). There

are several reasons for this choice: (1) the model runs in a

free and powerful open-source environment, (2) simulation

times are faster than other conventional runout modelling

software like Flo-2D or RAMMS, (3) different rheologies (e.

g. Voellmy, Bingham and Coulomb friction) can be applied

and compared with one another, (4) users can add their own

rheology or adjust and implement the model code to their

own needs, (5) and finally, batch-file capabilities can easily

produce hundreds or thousands of models within several

hours for model calibration, sensitivity analyses or stochas-

tic approaches. For detailed information on the description

and governing equations of MassMov2D, the reader is

referred to Beguerı́a et al. (2009).

After testing different rheologies in MassMov2D, the

Voellmy rheology performed the best. The initiation volume

was represented as a block release polygon with a specific

height (m). This volume was released at the start of the

deposit zone (Fig. 1). A total of five parameters were

calibrated in the Abitato Cucco back-analysis: the debris

flow release volume (V), the debris flow bulk density (D),

the Chézy roughness coefficient (ξ), the basal friction angle

(μ) and the angle of internal friction (α). The parameters

were systematically sampled in equal intervals and equal

probability from a very wide range to produce 400

simulations using the pre-2003 event 5 m DEM. The best

performing model parameter ranges are shown in Table 1.

The required debris flow initiation volume for back anal-

ysis ranged at 12,000–14,000 m3, which is slightly higher

than the original estimation of 10,000 m3 made by Calligaris

and Zini (2012). According to Tropeano et al. (2004) the

bulk density ranged from 1,700 to 2,200 kg/m3, which is in

agreement with our best performing values. The Chézy

roughness coefficient was purely determined through back-

analysis results. Also, due to lack of field samples and

laboratory analysis, friction angles (μ, α) were approximated

from model calibrations.

Figure 3 shows the best two performing models in the

back-analysis of the 2003 debris flow. The first model does

well estimating the deposit height with a slight

underestimation of the runout distance (Fig. 3a). The second

model gives a more accurate runout extent but with slight

overestimations of deposit height at the debris flow toe, and

underestimates the height behind the mitigation barrier

(Fig. 3b).

Table 1 Model parameter ranges used in the 400 simulations of the 2003 debris flow event and the best performing values obtained from the

back-analysis

Model parameters Ranges used Best performing values

Release volume, V (m3) 4,000–20,000 12,000–16,000

Debris flow bulk density, D (kg/m3) 1,700–2,200 1,850–2,000

Chézy roughness coefficient, ξ (m/s2) 10–3,000 100–600

Basal friction angle, μ (�) 5–50 5–15

Angle of internal friction, α (�) 5–50 15–40

Fig. 3 Back-analysis in 5 m resolution of the 2003 event: (a) model

with the best estimation of deposit heights (V ¼ 13,000 m3, D ¼ 1,850

kg/m3, ξ ¼ 300 m/s2, μ ¼ 10�, α ¼ 20�) and (b) the best performing

model in terms of runout extent (V ¼ 16,000 m3, D ¼ 2,000 kg/m3,

ξ ¼ 600 m/s2, μ ¼ 12�, α ¼ 15�)
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Forward-Prediction Modelling

Forward-prediction modelling with the latest DEM (June,

2008) was carried out first in 5 m resolution by up-scaling

the 1 m DEM in order to directly compare the 2008 situation

with 2003. This was followed by modelling in the original

1 m resolution in order to forward-predict the most accurate

runout extent and heights. We also compared the 5 m model

with the 1 m model to analyse the effect of the DEM

resolution on the runout modelling.

The best performing range of parameter values in the

back-analysis (Table 1) were used to carry out 100

simulations for forward-prediction scenarios using the 5 m

DEM. The results of the 100 5 m resolution models can be

classified into three main scenarios: (1) no debris flow

breaches, (2) breaching of the retention dam and lower

channel, or (3) breaching only at the lower channel (Fig. 4).

All 5 m runout models show an accumulation of debris of

more than 3 m at the upstream artificial basin. This indicates

that the mitigation system significantly decreases the possi-

bility of large debris flow heights to reach downstream. The

maximum deposit height in the most extreme scenarios near

the houses is no more than 0.85 m. This is a substantial

decrease compared to the 2003 deposit heights of 2.0 to

2.5 m. Breaching of the dam and lower channel occurs

mainly towards the east side of the settlement. The western

part of the settlement is almost unaffected. Scenario 1

models show deposits of maximum 0.15 m on the eastern

channel banks, while scenario 2 and 3 have more significant

deposit heights and flow velocities. The most extreme

scenarios affect approximately 8–10 houses, with scenario

2 type simulations affecting a maximum of 3–4 houses.

A total of 50 forward-prediction simulations were pro-

duced using the 1 m DEM due to time constraints of

modelling in a 1 m resolution. A simulation averaged around

30–40 min compared to a 3–5 min simulation time in 5 m

resolution. Similar to the 5 m simulations, the 1 m models

were also categorized into scenario types. Non-breaching

scenarios in 1 m resolution were less common than in

the 5 m simulations. Therefore, we defined the 1 m

scenarios into the following three types: (1) breaching at

the east channel bank (2) breaching at both channel

banks and (3) breaching at the dam and lower channel area

(Fig. 5).

The 1 m simulations give a very different view on possi-

ble scenarios due to the more accurate depiction of the dam

and channel geometry. The modelled debris flows are more

confined, pushing the higher deposits further downstream.

The thicker deposits that stopped at the upper basin in the

5 m models are now located near the retention dam in the

1 m simulations. Breaches at the lower channel are much

more subtle and follow better the topography, with higher

deposits found near the houses next to the channel. The

average outputs of both 5 m and 1 m simulations can be

compared with one another in Table 2. The results show that

1 m model scenarios generally affect less houses, but show

higher intensity values. This is possibly due to the more

Fig. 4 Examples of the three main type of forward prediction

scenarios using the latest upscaled 5 m DEM (June, 2008): (a) no

breaching at the retention dam (V ¼ 12,000 m3, D ¼ 2,000 kg/m3,

ξ ¼ 300 m/s2, μ ¼ 10�, α ¼ 10�), (b) debris breaches only at the

lower channel (V ¼ 12,000 m3, D ¼ 2,000 kg/m3, ξ ¼ 100 m/s2,

μ ¼ 8�, α ¼ 15�), and (c) breaching of the flow at the dam and lower

channel areas (V ¼ 12,000 m3, D ¼ 2,000 kg/m3, ξ ¼ 100 m/s2,

μ ¼ 5�, α ¼ 40�)
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confined flow in the 1 m simulations, forcing the velocity

and height to slightly increase in narrower sections of the

flow.

Discussion and Conclusions

The limitations of forward-predicting landslide runouts

can be related to several assumptions that have been made

in this study. Forward-analysis was carried out using a

similar initiation volume as the 2003 event. However, it is

known that debris flow source areas need time to recharge

and accumulate enough sediment in order for a similar

past event to reoccur (Glade 2005). This problem can

therefore cause changes in the magnitude of a certain

return period. A thorough assessment of the source area

is required to analyse possible changes in debris recharge,

which accordingly can change the input initiation volume

for modelling.

Debris flow entrainment was assumed to be part of the

initiation volume. Despite the relative short distance

between source and deposit zones, entrainment can still

play a substantial role in the formation of the final deposit

heights and velocities in deposit zones (McDougall and

Hungr 2005; Hussin et al. 2012). Furthermore, the use of a

block release polygon instead of a hydrograph can have

some disadvantages. Hydrographs are able to more

accurately describe boundary conditions, surges and the

timing of flows reaching deposit zones (Hürlimann et al.

2003).

The DEM resolution has shown to be very significant

in modelling debris flow runouts, especially in artificially

channelized areas which are more difficult to model than

flows spreading on open slopes or debris fans. The high

resolution 1 m runout simulations show more realistic

flow scenarios, where the retention dam and channels

are more accurately defined. Differences in flow extent

and heights between the 5 m and 1 m models change the

predicted areas and houses being affected. Thus, it is

highly recommended to model debris flows in the highest

resolution possible when assessing the effectiveness of

mitigation strategies.

Fig. 5 The three general types of forward-predicted scenarios using

the original 1 m DEM (June, 2008): (a) debris flow breaching at the east

channel bank (V ¼ 13,000 m3, D ¼ 1,850 kg/m3, ξ ¼ 100 m/s2,

μ ¼ 10�, α ¼ 30�), (b) breaching at both sides of the channel

(V ¼ 12,000 m3, D ¼ 1,850 kg/m3, ξ ¼ 100 m/s2, μ ¼ 8�, α ¼ 30�),
and (c) breaching at the retention dam and lower channel (V ¼ 13,000

m3, D ¼ 1,850 kg/m3, ξ ¼ 100 m/s2, μ ¼ 8�, α ¼ 40�)

Table 2 Average modelled intensities and number of houses affected for all scenario types (3 scenarios in 5 m and 1 m resolution)

Forward predictions Maximum flow height near houses Maximum velocity near houses Number of houses affected

Scenario 1 (5 m) 0.15 m 0 m/s 0

Scenario 2 (5 m) 0.52 m 2.2 m/s 4–5

Scenario 3 (5 m) 0.85 m 3.6 m/s 8–10

Scenario 1 (1 m) 1.05 m 3.9 m/s 2–3

Scenario 2 (1 m) 0.76 m 2.7 m/s 3–4

Scenario 3 (1 m) 0.47 m 1.8 m/s 5–6
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The accurate representation of different types of miti-

gation measures in a DEM can be very difficult, regard-

less of the detail or resolution of the DEM. In our work,

we assumed the culverts to be an open channel system,

simulating their inflow points by creating very small

obstacles in the channel bed. This assumption was

required due to the restriction of our chosen model.

Other models like Flo-2D are capable of modelling with

culverts, tunnels and other obstacles. Therefore, compar-

ing the two different models is planned in the near future

for our continuing research.

This study applied specific ranges from back-analysis

to forward-predict possible future runouts. However,

some model parameters, like the Chézy roughness coeffi-

cient, cannot be measured in laboratory or field studies .

These parameters can only be obtained by calibrating

runout models using a DEM representing the past event.

Therefore, applying back-calibrated parameters for

forward-prediction using completely different DEMs

causes a source of uncertainty in prediction outputs. We

have tried to approach this uncertainty by simulating

many runs and classifying the large amount of produced

models into several scenario types. Our approach gives

some indications of possible types of scenarios and the

number of buildings that can be affected in the future. The

application of wider parameter ranges to produce many

landslide runout simulations, results in multiple possible

scenarios. This is an indication of the importance of

acknowledging uncertainties in landslide mitigation

planning and the need to address the difficulties in

predicting residual landslide risk.
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Introduction: Remedial Measures and Prevention
Works

Rolf Katzenbach and Sebastian Fischer

Abstract

The session “Remedial Measures and Prevention Works” deals with contributions which

are focussed on the scientific background and also practical experiences. Ways of sustain-

able disaster management and disaster prevention will be demonstrated.

Keywords

Landslide � Remedial measures � Prevention works � Multidisciplinarity

Introduction

Landslides belong to the group of extremely heavy natural

hazards which often cause extraordinary damage. The suc-

cessful handling and prevention of landslides is an important

field for civil engineers in a multidisciplinary cooperation

together with the colleagues from natural sciences, econom-

ics, politics etc.

Due to growing population more and more settlement

area is needed, which is often including improper regions

(e.g. mountain and coast regions) with raised risk of various

kinds of disasters. Another reason for the raising of risks can

be the opencast mining for raw material production. An

essential element of the opencast mining is the loose deposi-

tion of the removed overburden, the so-called “overburden
dump”. Due to the end of groundwater conservation these

loose bedded slope areas are flooded. In consequence the

slopes are in danger of becoming liquefied. The result of a

liquefaction in these slopes will unavoidably be a slope slide.

Such a slope slide can extend up to several hundred meters

and can move several million cubic meters of material. An

upsetting example for such a landslide is the slope failure in

the German village of Nachterstedt on July 18, 2009, which

made necessary remedial measures and also prevention

works for the further utilisation of the region. The phenom-

ena of liquefaction is not limited on slopes in series of

opencast mining. Especially in earthquake regions the phe-

nomena of liquefaction is well known.

The session “remedial measures and prevention works”
presents ways to stabilize or prevent landslide, it is

consisting of the following seven contributions which can

be categorised in contributions focussing on the theoretical

background and experiments:

• Da Z., Lidan L., Seismic Damage Assessment of Gravity

Retaining Wall Based on Grey Correlation and Fuzzy

Mathematics;

• Noor M.J. Md., Saidin M.A., Tahir S.M., Effectiveness of

Hybrid Anchor Soil Nail in Stabilizing Slope and Stabil-

ity Assessment According To the Actual Mechanics;

• Segalini A., Brighenti R., Umili G., A simplified analyti-

cal model for the design of flexible barriers against debris

flows;

and contributions dealing with problems occurred in practice:

• Bellas, M., Voulgaridis G., Study of a landslide;

• Sadagah B., A vigorous debris flow incident at Al-Hada

descent and remedial measures;

• Suljić N., Application of reinforced concrete retaining

wall at the rehabilitation of landslides on roads;

• Zaporozhchenko E., Butenko A., Engineering solutions

for elimination of the risk of destruction of moraine.

The intent is to inform the reader of available options

and their application in practice or their actual state of

technology.
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Study of a Landslide in Dafnoula Village, Epirus
Region, Greece

Michael Bellas and Georgios Voulgaridis

Abstract

Landslide phenomena are very common in western Greece due to high rainfalls. The

current study refers to a landslide that occurred during the winter of 2010 in the residential

area of Dafnoula village. Dafnoula is located in northwestern Greece, Epirus perfecture, on

a slope with an average inclination of 25�. The formation affected by the landslide was the

flysch soil mantle of the Ionian geotectonic zone, whereas the bedrock remained intact. The

landslide caused a wide range of damage, including the collapse of a house, a warehouse,

and an artificial embankment-terrace and its concrete retaining wall. At the foot of the

landslide there was a backfilling of the road below and the complete destruction of its

pavement. For this study a 20 m depth borehole and five research pits were opened. A study

of the fluid–solid coupling phenomenon and a slope stability analysis, with the use of

the Finite Element Method was initially performed. Furthermore, a landslide analysis was

carried out using a conventional Limit Equilibrium Method under the DIN Design

Standards. Finally, remedial measures were proposed, including the construction of a

retaining piled wall, in combination with the use of reinforced shotcrete, the partial

substitution of the in situ unstable soil with crushed stone, and the construction of a

drainage trench.

Keywords

Landslide � Greece � Epirus region � Slope stability analysis

Geomorphological and Hydrological Setting

Dafnoula village is located at the NW region of Greece, in

the Epirus region, and belongs to Ioannina county as a

district of municipality of Ioannina. The village is developed

in three consecutively abutments. The landslide we are deal-

ing with activated for the first time in 1960 and reactivated in

December of 2010 in the middle abutment after a constant

medium rainfall. The geographic coordinates of the

landslide’s head are given in Table 1.

The landslide occurred in a slope with a inclination of

25�, in the central part of the village. Below it and at a

distance of 200 m a ravine with intermittent flow is devel-

oped. The absolute height of the landslide’s head is approxi-
mately 830 m.

The meteorological information obtained by the closest

station located in Ioannina are provided below and refer to

the period during 1995–2006. Based on the station’s infor-
mation, Table 2 was developed for the rainy months of

Greece (October, November, December, January, February

and March) with a maximum 24-h precipitation activity

specified as 105 mm/day:

The highest rainfall periods are observed during Novem-

ber and December. During the same months, the landslide

studied in this paper was reactivated in December 2010,

when the precipitation of the whole month fell within 3 days.
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Geological and Geotechnical Information

The area of Dafnoula belongs to the Ionian geotectonic zone

and the geological bedrock that covers the entire building

area is the formation of flysch, which shows a stratigraphic

inclination of around 10�, aligned with the topographic

slope. Flysch consists of alternating beds of silt, shales and

sandstones. Generally it appears impermeable and is covered

by a soil mantle consisting of silt and sands. The soil mantle

has average permeability. A borehole was drilled in this

area, showing that the thickness of the soil mantle in the

landsliding area is of the order of 4.5 m. The hydraulic load

required for the activation of the landslide came from the

transient medium rainfall which accumulated inside the dis-

integration mantle. Just before, as well as during the land-

slide, discharge was observed by the residents of the village

in the area of the levee, at the bottom of the slope, and right

above it.

Table 3 gives a description of the boreholl that was drilled

a few meters below of the head of the landslide.

Also, in order to investigate soil conditions in the area

downstream of the landslide area, five research pits were

drilled, which are described in Table 4.

Flysch was encountered in the pits ΔΟ-2 at 2.80 m in

ΔΟ-3 at 3.00 m and in ΔΟ-4 throughout the entire pit. In the
other two, only a weathering mantle of flysch was met. Also,

laboratory tests were conducted in order to specify the phys-

ical characteristics. Some of the results are given in Tables 5

and 6.

Finally, after the laboratory sieve analysis given above,

the soil mantle formation was specified as clay loam mate-

rial, with the use of the soil texture triangle given in Fig. 1.

Damage

The landslide caused the creation of through-cracks in a

warehouse and overthrow of a house, as well as the destruc-

tion of a concrete courtyard and the embankment along the

retaining wall of a newly built house. Finally the concrete

Table 1 Geographic coordinates of the hill of Dafnoula village

Geographic latitude 39�36018.7200N
Geographic longitude 20�59018.2600E

Table 2 Average monthly precipitation in mm

Month Oct Nov Dec Jan Feb Mar

Average

monthly

precipitation

(mm)

99.5 167.9 174.9 124.2 116.0 95.4

Table 3 Description of the boreholl drilled at the bottom of the

landslide

Depth (m) Description

0.00–4.50 Weathering mantle of flysch consisting of loose

weathering products of sandstone and brown siltstone

4.50–20.00 Bedrock consisting of unweathered fine beded

fragmented sandstones and siltstones

20.00 End of borehole

Table 4 Descripion of the five research pits

Pits Depth of pit (m) Soil mantle

ΔΟ-1 3.30 0–3.30

ΔΟ-2 3.30 0–2.80

ΔΟ-3 3.30 0–3.00

ΔΟ-4 2.20 0

ΔΟ-5 3.50 0–3.50

Table 5 Description of the Atterberg limits specified by the laboratory

tests

Min Max Mid

LL 28.3 36.3 32.3

PL 18.2 23.5 20.9

PI 5.4 11.8 8.6

Table 6 Results of the sieve analysis conducted

Grains Content (%)

Clay 16

Silt 37

Sand 34

Gravel 13

Fig. 1 Soil texture triangle (US Department of Agriculture, Natural

Resources Conservation Service)
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pavement of the road below was destroyed and the materials

of the foot of the landslide covered two-thirds of this road.

Numerical Analysis of the Fluid–Solid Coupling
and the Rainfall-Induced Landslide Using a
Nonlinear Finite Element Method

Introduction

Elastoplastic Model
The Finite Element Method is a very widely used and power-

ful method for solving partial differential equations and is

applied to a wide variety of engineering problems, from

diffusion problems to materials behavior. However, since

the materials found in nature, and especially geomaterials,

do not behave linearly but instead non-linearly, the applica-

tion of the non-linear Finite Element Analysis is required to

obtain exact results when solving for these types of materials.

As it is well known, the stress equations for a two dimen-

sional plane strain problem are given for x and y dimensions

respectively (Navier equations):

μr2uþ λþ μð Þ ∂
∂x

∂u
∂x

þ ∂ν
∂x
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>>>>>>:
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or in the general expression,

λþ μð Þuk,ki þ μui,kk þ F ¼ ρ
∂2

ui
∂t2

ð2Þ

where,

λ, μ: are the Lame coefficients

u: are the displacements in x dimension

ν: are the displacements in y dimension

Fx: are the body forces in x dimension

Fy: are the body forces in y dimension respectively

F: is the vector of body forces

ρ: is the density of the material

We further take into account the elastoplastic behavior of

the geomaterial, where the change of strain dεij is consisted
of two parts, both an elastic and a plastic part, as expressed

below (as referred by Potts DM and Zdravkovic L):

dεij
� � ¼ dεij

� �
e
þ dεij
� �

ep
ð3Þ

as well as the geomaterial characteristics summarized in the

elastoplastic constitutive matrix [Dep] and the constitutive

equations:

dσij ¼ Dep

� �
dεij

dεij ¼ B½ �duij

�
ð4Þ

where,

[Dep]: is the elastoplastic constitutive matrix given by

the (5):

Dep

� � ¼ De½ � �
De½ � ∂P σ;mð Þ

∂σ

n o
∂F σ;kð Þ

∂σ

n oT
De½ �

∂P σ;mð Þ
∂σ

n o
∂F σ;kð Þ

∂σ

n oT
De½ � þ A

ð5Þ

where,

∂F σ;kð Þ
∂σ

n o
: is the yield function

∂P σ;mð Þ
∂σ

n o
: is the plastic potential, and

A: is a parameter given by:

A ¼ 1

λ

∂F σ;kð Þ
∂k

� �T

Δkf g ð6Þ

where λ is a scalar.

Seepage Model
Under undrained conditions the stress field is a result of both

the effective stresses and the stresses produced by the pore

pressures. The constitutive equation is given by:

∂ε
∂t

¼ nβ
∂σ
∂t

� ν
⇀ ð7Þ

where,

ν
⇀
: is the divergence of the pore water (Darcy’s velocity)

σ: is the pore pressure
ε: is the strain, and
β: is the compressibility of the pore water.

The diffusion phenomenon within the geomaterial is

expressed by the parabolic partial differential equation:

∂H
∂t

¼ cr2H þ s x, t,H,rHð Þ ð8Þ

where,

c: is the diffusion coefficient

s: is the source term representing external sources

The diffusion coefficient is given by the equation:

c ¼ K=S ð9Þ
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where,

S: is the storage coefficient

K: is the permeability coefficient

The relationship between the total hydraulic head and the

pore pressures is given by the equation:

H ¼ Pw

γw
þ Xix þ Yiy þ Ziz
� � ð10Þ

where i ¼ {ix + iy + iz} is the unit vector parallel and in

opposite direction to gravity.

Taking into account all of the above, we end up to the

seepage equation for x and y dimensions:

S
∂H
∂t

¼ ∂
∂x

Kx
∂H
∂x

� 	
þ ∂
∂y

Ky
∂H
∂y

� 	
þ S x, t,H,rHð Þ

ð11Þ

where,

H: is the Total head

S: is the Storage coefficient,

K: is the Permeability coefficient

s: is the source term

Equation (11) represents the Darcy’s law.

Formulation and Solution of the Finite Element
Model

The nonlinear finite element analysis is a finite element

analysis performed with the use of an iterative procedure

for root finding (usually Newton-Raphson scheme) since the

material characteristics, i.e. elastoplastic constitutive matrix,

depend on the displacements.

The coupled seepage flow-deformation is expressed by

the equations (as referred by Li J, Liu X and Jiang Z):

σij ¼ σ
0
ij
þ α pwð Þδij þ Fv

⇀

∂ε
∂t

¼ nβ
∂pw
∂t

� ν
⇀ ð12Þ

where,

σij: are the total stresses

σ
0
ij
: are the effective stresses

pw: are the pore pressures
δij: is the Kronecker’s delta, and

Fv
⇀ : is the force vector

ν
⇀
: is the divergence of the pore water (Darcy’s velocity)

pw: is the pore pressure

ε: is the strain, and
β: is the compressibility of the pore water

According to the principle of virtual work, we have:

Winertia þWexternal ¼ Winternal ð13Þ
where,

Winertia: is the work produced by the inertia forces

Wexternal: is the work produced by the external forces

Winternal: is the work produced by the internal forces

the work produced by the inertia forces is expressed as

follows:

Winertia ¼
ð

Ω
δT f inertiað Þ∂Ω ð14Þ

where,

f inertia ¼ �ρ
∂2

u

∂t2

By implementing the finite element algorithm, we end up

with the following results:

Winertia ¼
ð

Ω
δT �ρ

∂2
u

∂t2

0
@

1
A∂Ω )

Winertia ¼
ð

Ω
δeTN T

e �ρNe
∂2

ue
∂t2

0

@

1

A∂Ω )

Winertia ¼ �δeT
ð

Ω
NT

e ρNe∂Ω

� 	
€ue ð15Þ

where,

[Me] ¼ (
Ð
ΩN

T
e ρNe∂Ω) is called the mass matrix and

€ue: is the second derivative of elemental displacement with

respect to time

The work produced by the external forces is expressed as

follows:

Wexternal ¼
ð

Ω
δT f extð Þ∂Ω ð16Þ

By implementing the finite element algorithm again, we

obtain:

Wexternal ¼
ð

Ω
δT f extð Þ∂Ω )

Wexternal ¼
ð

Ω
δeTN T

e f eext
� �

∂Ω )

Wexternal ¼ δeT
ð

Ω
NT

e f eext
� �

∂Ω )

Wexternal ¼ δeT
ð

Ω
NT

e ∂Ω

� 	
f eext ð17Þ

Finally, the work produced by the internal forces is

expressed as follows:

Winternal ¼
ð

Ω
δT f intð Þ∂Ω ð18Þ
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By implementing the finite element algorithm we obtain:

Winternal ¼
ð

Ω
δT f intð Þ∂Ω )

Winternal ¼
ð

Ω
δT= Dep=u

� �
∂Ω )

Winternal ¼
ð

Ω
δTN T

e = Dep=Neu
e

� �
∂Ω

and by integrating by parts we finally obtain:

Winternal ¼ δT
ð

Ω
BTDep B∂Ω

� 	
ue ð19Þ

where,

[Ke
T] ¼ (

Ð
ΩB

TDep B∂Ω) is the tangential stiffness matrix and

ue: are the elemental nodal unknowns (displacements)

Assembling all of the above we end up to the following

system for each element:

� Me½ �€ue þ f eE ¼ Ke
T

� �
ueor

Me½ �€ue þ Ke
T

� �
ue ¼ f eE ð20Þ

and in terms of global coordinate system:

M½ �€uþ KT½ �u ¼ F ð21Þ

Since we need to model the geomaterial’s load path

dependent behavior, a combination of Newton-Raphson’s
scheme with the incremental method is required. Further-

more, by considering solution only in space, we end up to the

following expression:

KT½ � Δuf gi ¼ ΔFf gi ð22Þ

where:

{Δu}i: is the incremental displacement

{ΔF}i: is the incremental load step

The load produced by the weight is expressed as:

W
⇀ ¼ γ

ð

e

Ni
eð Þ∂Ve ð23Þ

whereas the additional external load (structural load) is

given by:

R
⇀ ¼

ð

Γe

Ni
eð ÞDepru∂Γe ð24Þ

In order for the plastic deformation and failure to

occur, the total stresses have to be calculated at the

nodes and to satisfy both the finite element solution and

the Mohr-Coulomb failure criterion which is given by the

equation:

F I1;J2;Θð Þ ¼�I1
3
sinΦþ ffiffiffiffiffi

J2
p

cosΘþ 1ffiffiffi
3

p sinΘsinΦ

� �
�ccosΦ

ð25Þ

Regarding the seepage flow analysis, using the weighted

residual approach this time, we obtain:

S
∂H
∂t

¼r K x;yð ÞrH x;yð Þ
� �þs

R¼
ð

Ω
Wi

∂
∂x

Kx
∂H
∂x

� 	
þ ∂
∂y

Ky
∂H
∂y

� 	
þs� S

∂H
∂t

� 	� 	
∂Ω

where,

Wi ¼ Nix
m denotes the weight functions

Ni: denotes the interpolation functions

xm: is a factor expressing the coordinate system and is equal

to 1 for the Cartesian coordinate system (Exadaktylos G,

Asimidis V)

By implementing both integration by parts as well as the

finite element algorithm, and by rearranging, we obtain for

each element:

X
e
R ¼

X
e

ð

Γ
Ni Kx

∂H
∂x

nx

0
@

1
Aþ Ky

∂H
∂y

ny

0
@

1
A

0
@

1
A∂Γ

�
X

e

ð

Ω
Kx

∂Ni

∂x
∂H
∂x

þ Ky
∂Ni

∂y
∂H
∂y

2

4

3

5∂Ω

þ
X

e

ð

Ω
Nis∂Ω�

X
e

ð

Ω
Ni S

∂H
∂t

0

@

1

A∂Ω )

Re ¼
ð

Γe

Ni Kx
∂H
∂x

nx

0

@

1

Aþ Ky
∂H
∂y

ny

0

@

1

A

0

@

1

A∂Γe

�
ð

Ωe

Kx
∂Ni

∂x
∂Nj

∂x
þ Ky

∂Ni

∂y
∂Nj

∂y

2
4

3
5∂Ωe Hef g

þ
ð

Ωe

Nis∂Ω
e �

ð

Ωe

NiSNj∂Ω
e _H

e �

ð26Þ

where,

R: denotes the error term due to the approximations.
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By setting Re ¼ 0 and rearranging, we further obtain:

ð

Ωe

Kx
∂Ni

∂x
∂Nj

∂x
þKy

∂Ni

∂y
∂Nj

∂y

2
4

3
5∂Ωe Hef gþ

ð

Ωe

NiSNj∂Ω
e _H

e �

¼
ð

Ωe

Nis∂Ω
eþ

ð

Γe

Ni Kx
∂H
∂x

0
@

1
Aþ Ky

∂H
∂y

0
@

1
A

0
@

1
A∂Γe

ð27Þ

or

Se½ � _Heþ Ke½ �He¼Pe ð28Þ

where,

Ke½ � ¼
ð

Ωe

Kx
∂Ni

∂x
∂Nj

∂x
þ Ky

∂Ni

∂y
∂Nj

∂y

� �
∂Ωe is called the

Permeability matrix

Se½ � ¼
ð

Ωe

NiSNj∂Ω
e is called the Storage matrix

Pe ¼
ð

Ωe

Nis∂Ω
e þ

ð

Γe

Ni Kx
∂H
∂x

� 	
þ Ky

∂H
∂y

� 	� 	
∂Γe is

called the local element source vector

_H
e
: denotes the first derivative of the elemental nodal

unknowns in respect to time and

He: denotes the values of the nodal unknowns

Considering that the Permeability matrix depends on the

hydraulic head, nonlinearities appear. Again, a combination

of Newton-Raphson’s method with the incremental method

is applied, and considering only space solution, we end up at

the expression:

K½ � ΔHf gi ¼ ΔPf gi ð29Þ

where,

{ΔH}i: is the incremental head, and

{ΔP}i: is the incremental load step

Slope Stability Analysis

For the slope ofDafnoula village in this paper, both a nonlinear

FEM analysis along with the application of the SSR method

(Griffiths DV and Lane PA) and a transient nonlinear FEM

analysis of the seepage flow is performed in order to define the

stability of the slope before the medium rainfall phenomenon

and its impact on the slope’s stability after occurring. The

boundary conditions applied for the seepage analysis are:

1. Rainfall infiltration on the slope’s free surface

(inflowing flux based on the rainfall data obtained):

q ¼ 1.25 � 10�6 m/s for a duration of 60 h.

2. Constant total heads (H1) and (H2) are applied on the

mantle’s left and right boundary respectively with the

values of 50.6 m and 33.2 m respectively.

3. Both the bottom boundary of the mantle, which

represents the contact between the mantle and the flysch,

and the boundaries over the groundwater table are con-

sidered impervious.

4. The permeability of the clay loam soil mantle, which is

equal to 7.25 � 10�7 m/s

The soil mantle’s seepage model developed for the non-

linear FEA is presented in Fig. 2

We apply a transient FEM analysis for the seepage flow

within the slope’s disintegration mantle using 632 quadratic

triangular elements for a constant period of 60 h. From the

seepage analysis we obtain the following results both for the

pore pressure distribution and for the change of the matric

suction (Figs. 3, 4, 5, 6).

Fig. 2 Seepage model for the

nonlinear FEM analysis of the

soil mantle slope. The finite

element mesh consists of 632

quadratic triangular elements and

1,415 nodes
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After obtaining the results from the seepage analysis, a

FEM analysis for the elastoplastic model is applied for each

state respectively. The strength parameters obtained by lab-

oratory tests are described in Table 7.

By also taking into account the forces generated both by

the loads due to the structures existing on the head of the

slope (house and a warehouse) which is equal to 100 kN/m2

and by the weight of the slope, as well as that the flow is

taken as a non-associated flow (dilation angle ψ ¼ 0), we

obtain the following results for each time-step respectively,

starting from the study of the slope’s behavior under dry

conditions (with the accuracy of two decimals) (Figs. 7, 8, 9,

10, 11).

Fig. 3 Pore pressure distribution within the slope during the initial

conditions

Fig. 4 Pore pressure distribution within the slope in the first 24 h of

medium constant rainfall

Fig. 5 Pore pressure distribution within the slope in the next 24 h (48 h

of medium constant rainfall)

Fig. 6 Pore pressure distribution within the slope in the next 36 h (60 h

of medium constant rainfall)

Table 7 Mechanical parameters used for both the numerical analysis

(FEM) and the Limit Equilibrium Method

Parameters Value

Cresid(kPa) 26.0

Φresid (
0) 15.0

E (kPa) 17,000.0

ν 0.3

γ(kN/m3) 17.0

Ψ 0.0

Fig. 7 Failure surface under dry conditions. The critical SRF is 1.04,

thus indicating that the slope is already in a dangerous state without any

fluid–solid interaction

Fig. 8 Failure surface by taking account of both the effective stresses

and the pore pressures generated during the initial conditions. The

critical SRF is 1.00
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Study of the Landslide with the Use of Limit
Equilibrium Methods

The study area is registered, according to the Greek Seismic

Code (OASP 2003), in a zone II seismic hazard area,

wherein the horizontal seismic acceleration factor is

a ¼ 0.24 g, and the vertical component equals 0.30 � a

¼ 0.30 � 0.24 ¼ 0.07 g. Besides performing a FEM slope

stability analysis, we also conducted a LEM analysis by

using the software LARIX-5S under the DIN 1054 Geotech-

nical Standard. The slope status thus formed after the onset

of the landslide is that shown in the following sketch geo-

technical section (Fig. 12).

The assumptions we made for solving the stability of the

slope are the following:

• Horizontal seismic acceleration coefficient ah ¼ 0.24 g

• Vertical component of seismic acceleration is

av ¼ 0.07 g ¼ 0.24 g

• The geotechnical formations involved in the structure of

the slope are two: (a) The overlying disintegration mantle

of flysch and (b) the underlying rocky formation of flysch

belonging to “the Ionian geotectonic zone”. The distinc-

tion was based on visual field observations, and the eval-

uation of research trenches and a sampling borehole that

were executed in the studied area. The separated

formations and their geotechnical characteristics, used

to solve the slope stability problem and the retaining

wall are given in Table 7.

Based on the above assumptions, an analysis with the

Krey limit equilibrium method (as referred by Chowdhury

R, Flentje P, Bhattacharya) was conducted, under the DIN

1054 Geotechnical Standard, which provided us with a min-

imum safety factor of the slope equal to 0.85 and with a

radius of R ¼ 20 m. The circle that simulates the situation

formed after the onset of the landslide is given in Fig. 13.

The assumptions that we took into consideration for the

dimensioning of the retaining wall are:

• The retained slope is considered inclined with a constant

inclination (average slope gradient) of 15o.

Fig. 9 Failure surface by taking account of both the effective stresses

and the pore pressures generated in the first 24 h. The critical SRF is

0.98

Fig. 10 Failure surface by taking account of both the effective stresses

and the pore pressures generated in the next 24 h (totally 48 h). The

critical SRF is again 0.98

Fig. 12 Geotechnical section drawing, showing the status of sliding

slope as it looks after the last landslide

Fig. 11 Failure surface by taking account both the effective stresses

and the pore pressures generated in the next 36 h (totally 60 h). The

critical SRF is 0.97
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• To solve the retaining wall we supposed that it will

withstand an open excavation of about 4.5 m. This

assumption was made in order to anticipate future

movements of soil mass in front of the wall.

• The level of groundwater, estimated in 2.0 m depth

towards the upstream section and 4.5 m within the

displaced soil materials, downstream of the retaining

wall.

• The solution assumed non-intersecting piles of 0.80 m

diameter, having axial distances of 2.00 m.

• The analysis for the retaining wall was made with

the programs LARIX-5G, WALL and WALL

DIMENSIONING.

Study and Suggestions for Remedial Measures
for the Landslide of Dafnoula Hill

To protect the slope against future reactivated landslides, the

following measures are proposed, based on the Eurocode

2 standard design analysis performed above:

1. Construction of a retaining wall, comprising 35 800-mm

diameter vertical with an axial distance between adjacent

columns of 2 m and length of 12 m for each pile. The

reinforcement of each pile will comprise 20 22-mm diam-

eter steel rods and round stirrupsΦ10/10 cm as illustrated

in Fig. 14:

2. Above the piles a connecting beam will be constructed

with dimensions 1.00 m � 1.00 m and reinforcement as

shown in Fig. 15:

The plan view of the two adjacent piles is illustrated in

Fig. 16.

3. Above the retaining wall the in situ soil will be replaced

with crushed stones and, geogrid and geotextile will be

Fig. 13 Sketch of the geotechnical cross section showing the result of

slope stability analysis and the slip surface by using the LARIX-5S

software. The safety factor is 0.85

Fig. 14 Plan view of concrete pile Φ800, with 20Φ22 steel rods and

round stirrups Φ10/10

Fig. 15 Detailed cross section of concrete beam and plan view of

concrete pile
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placed on the top for the infiltration of water. Above that

the top soil will be used for planting grass, small bushes

or plants.

4. Upstream of the houses a drainage trench will be

constructed with a depth of 5 m, in terms of reaching

the impermeable flysch bedrock. In the bottom of the

trench a perforated pipe will be placed and the entire

trench will be covered with rounded gravels to obtain

high permeability. The geotechnical section drawing,

along with the protective measures, is given in Fig. 17.

A satellite image of the area of Dafnoula village is

illustrated in Fig. 18 along with the final design of the

remedial measures:

Conclusions

The landslide studied in this paper is situated in the

northwestern part of Greece in a small village of Prefec-

ture of Epirus called Dafnoula and occurred after approx-

imately 60 h of constant medium rainfall during the

December of 2010. The formation that underwent failure

was the disintegration mantle, of the flysch, whereas the

flysch bedrock didn’t show any sign of displacement. The

flysch’s disintegration mantle does not have a permanent

aquifer, but instead a temporary one was developed

within the soil mantle which was already in a dangerous

state. The landslide caused a wide range of damage,

including the collapse of a house, a warehouse, and an

artificial embankment-terrace and its concrete retaining

wall. At the foot of the landslide there was a backfilling of

the road below and the complete destruction of its pave-

ment. From the slope stability analysis it was found that

the safety factor under fluid–solid coupling dropped grad-

ually from 1.04 to 0.97 (critical safety factor of failure

state), while from the stability analysis under the DIN

1054 Geotechnical Standard the slip circle has a radius of

approximately 20 m and a safety factor of instability

equal to 0.85. For the protection of the houses above the

head of the landslide several remedial measures were

proposed, including the construction of a retaining wall

made of concrete piles, the construction of a drainage

trench above all the nearby houses and, finally, the

replacement of the in-situ soil mantle with crushed stone.
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Seismic Damage Assessment of Gravity Retaining
Walls Based on Grey Correlation and Fuzzy
Mathematics

Zheng Da and Liang Lidan

Abstract

Strong earthquake shaking in the Longmen Mountain area in 2008 led to severe damage to

many retaining structures. How to assess damaged retaining walls in the earthquake zone

was a problem that required an urgent solution. This paper summarizes five types of

retaining-wall failure modes through analysis of earthquake damage in the research area,

including sliding failure, settlement failure, toppling failure, material failure, and

overtopping failure. Then the factors influencing seismic safety evaluations were qualita-

tively analysed and classified on the basis of comprehensive principles, important

principles and scientific principles. Along with the failure modes of retaining walls, we

also examined the critical factors and some general factors. We took a value of 60 %

damage to be a critical factor, and the general factors divided into two levels, and 10

indexes: the sliding distance, the settlement depth, the inclination angle, the number of

cracks, the ratio of crack length and the retaining wall length, the ratio of crack depth and

the retaining wall thickness, the crack width, the dislocation distance, the range of retaining

wall collapse, and the coverage of rock and soil on the retaining wall. The seismic safety

evaluation system for retaining walls was built by grey correlation analysis and fuzzy

mathematic theory. Its use can allow prevention to replace repair and can aid post-

earthquake recovery and reconstruction.

Keywords

Retaining wall � Seismic damage evaluation � Grey correlation � Fuzzy mathematics

Introduction

The Longmen Mountain region is located in the transition

zone between the Sichuan Basin and the Qinghai-Tibet

Plateau and has a complex geological structure and fracture

development. It is a typical representative of hazardous

mountain areas in China with belts with strong seismic

activity. In the 2008 Wenchuan “5.12” Earthquake, the

strong seismic shaking led to severe damage to a large

number of built slope-retaining structures, significantly

reducing their safety and durability. The survey shows that

there were 348 retaining walls with varying degrees of

damage in the worst-hit disaster area, of which the destruc-

tion of gravity retaining walls accounted for 97.1 % of the

total amount of destroyed retaining walls. How to quickly

and efficiently identify retaining wall damage, and conduct a

comprehensive assessment of their security became a tech-

nical difficulty to be solved during the recovery and recon-

struction process.

Safety assessment of retaining structural engineering

began in the 1970s when the Norwegian scholar Kaare

Höeg adopted reliability theory to study the safety degree

of structures but did not develop a system of assessment

methods. In China, Du Yongfeng et al. (2008) introduced a
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checking point method from the first-order second moment

method for reliability analysis and failure probability, but its

calculation only took sliding instability and overturning

instability into consideration. Liu Fang et al. (2005) adopted

a combination of probability theory and fuzzy mathematics

to analyse the stability, but only considered the impact of the

bottom friction coefficient. For existing gravity retaining

walls, there are still no relevant reports, particularly for safety

assessment for retaining walls damaged by seismic activity.

In 1965, L.A. Zadeh put forward the concept of fuzzy

mathematics, and the fuzzy comprehensive evaluation

method has been widely used for typical slope stability

evaluation since then. This also provided possibilities for

the application of fuzzy comprehensive evaluation methods

in safety assessment for structural damage after earthquakes.

In 1982, Professor Deng Julong from Huazhong University

of Science and Technology founded the grey system theory,

which is widely used in construction structural damage

assessment, but it has not yet been applied in damage assess-

ment for retaining walls following earthquakes. Therefore,

this paper uses a combination of grey relational analysis and

a fuzzy comprehensive evaluation method to build a mathe-

matical model and conduct a comprehensive assessment of

the degree of safety of post-earthquake retaining walls in the

Longmen Mountain seismic zone. It also provides a reliable

basis for the seismic damage assessment of retaining walls in

other zones.

Seismic Failure Modes for Retaining Walls

According to the statistical data for seismic damage of

geological hazard retaining engineering in the study area,

the destruction of gravity retaining walls accounts for 97.1 %

of the total amount of structural damage, with wall heights

mainly in the 2–8 m range, and occurring mostly in the soil

foundation. The main seismic damage features in retaining

walls include collapse, cut, tilt, slip, deformation cracking on

surface, slope collapses and burying, wall subsidence and so

on. The main retaining wall failure modes that we found in

the survey are listed in Table 1.

Based on site surveys of retaining wall seismic damage

and the results of early damage classifications, as well as

damage from the Wenchuan earthquake, retaining-wall seis-

mic damage can be divided into five grades: basically

undamaged, slight damage, moderate damage, severe dam-

age and destruction (see Table 2).

Construction of a Retaining Wall Safety
Evaluation

Principle of Index Construction

In constructing a seismic damage index, the first step is to

conduct a qualitative analysis and classification of the

factors affecting seismic damage evaluation. The principles

of comprehensiveness and importance, as well as scientific

principles, need to be taken into consideration.

1. Principle of comprehensiveness: the safety evaluation of

a retaining wall should fully reflect the damage to the

retaining wall itself after seismic shaking, and should be

considered by selecting from the list of failure modes of

retaining walls.

2. The principle of importance: the assessment index of a

retaining wall should have primary and secondary

differences. When a retaining wall suffers from a strong

earthquake, not only a main failure mode emerges, but

Table 1 Failure modes of retaining walls in the Longmen Mountain region

Failure mode Failure mechanism Deformation characteristics

Sliding failure Ground motion results in increasing earth pressure on the

back of the wall; the lack of lateral resistance of the wall

leads to the overall wall slip failure

The overall wall slips forward with multi-longitudinal cracks

appeared along the back of the wall, also the leading edge of

surface uplifts

Sedimentation

failure

The earthquake causes foundation instability, and the

insufficient vertical bearing capacity results in subsidence of

the whole wall. Usually it occurs in the soil foundation

Partial or total wall subsidence may occur, with vertical

coalescence cracks, and squeezing crushing may occur in the

bottom of the wall

Overturning

damage

The increase of seismic ground acceleration leads to the

increase of ground inclination moment, therefore results in

the rotation about the toe of the retaining wall due to

insufficient torque

The horizontal displacement of the top of the wall is greater

than the bottom, the wall deforms on the basis of rotation.

Crushing squeezes are prone to appear from the bottom wall

Wall body

damage

The back wall earth pressure exceeds the ultimate bearing

capacity of the wall material, so cracks, bulging and even

partial collapse of the surface of wall occurs

Shear failure of wall (transverse cracks, longitudinal cracks),

extrusion deformation and failure (panel off, wall bulging),

partial collapse

Sliding failure Under seismic shaking, the wall back slope has a landslide or

collapse that leads to rock (soil) overtopping the retaining

wall. Since the role of a retaining wall is to support (retain)

the rock to maintain its stability, even if the retaining wall

structure itself does not suffer radical damage, this is still

regarded as retaining wall damage

Wall back slope landslide or avalanche occurs, the rock (soil)

bodies are piled onto the road across the top of the wall and

may even cover wall surfaces
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multi-mode combinations should appear. Because of the

extent of damage, some failure modes are fatal to the

retaining wall’s function, such as a direct collapse of the

retaining wall. However, some damage is not as impor-

tant, such as tiny cracks in the retaining wall. The scores

for damage of lesser importance can be set lower to

ensure the reasonableness of indices.

3. Scientific principles: the establishment of safety

evaluations for retaining walls must be systematic, logi-

cal and with no duplication of information.

Index Screening

Since retaining walls are prevention engineering measures

built on the surface, their seismic damage characteristics can

be preliminarily assessed by eye. Then a general method of

analysis is further applied. On the basis of following the

principles of index construction, the failure modes of differ-

ent retaining walls should be analysed to extract the appro-

priate evaluation factors. For example, for the sliding failure

type, in which deformation is characterized by the whole

wall slipping forward, the sliding distance can be the

indicating factor to evaluate the overall degree of sliding.

Moreover, multiple longitudinal cracks will appear in such a

failure mode, with indentations and cracks appearing on the

back of the wall and bulges on the front surface. For longi-

tudinal cracks, parameters such as crack width, crack depth,

etc. can be used as index factors to assess the degree of

damage, while indentations and cracks on the back of wall,

as well as bulges on the surface, can use indentation depth,

and width, bulge height, and area and so on as evaluation

factors. Thus, by analysing the retaining-wall seismic dam-

age mode, one can obtain a number of damage assessment

factors. However, the index factors extracted from varying

failure modes have several disadvantages, such as informa-

tion overlap, which requires qualitative analysis and classi-

fication so that the indices can be matched.

First screen out the factors that play a decisive role; if any

of these factors exist, the retaining wall damage can be

considered very serious as the wall has lost its retaining

function and requires a re-build. Generally speaking, such

factors have a “one-vote veto” power, therefore they are

known as critical factors. Through field investigation for

different failure types of retaining wall, it can determine

that no matter which destructive type it is, the degree of

seismic damage should be an important index of the safety

assessment, especially for the collapsing, burying or smash-

ing seismic damages which should be the primary evaluation

index. If the retaining wall seismic damage is determined to

be over 60 % of the entire prevention engineering scope,

then the retaining wall can be directly defined as destroyed

and it needs no other index evaluation. If the seismic damage

is more limited, then relevant quantitative indices need to be

further evaluated.

After the critical factors have been determined, the

remaining general factors need to be screened and deter-

mined. It is necessary to ensure that the information reflects

the overall index without overestimation. Moreover, some

factors are insensitive to changes in evaluation, which means

that their importance is extremely low, therefore they are not

included as an evaluation index. For example, the impact of

depth and width of grooves on retaining wall damage are

minimal, therefore may not be classified as an evaluation

index. Thus, the classification and grading of all indices

determines the damage level reflecting the major degree of

damage to the retaining wall; these respectively are sliding

degree, sedimentation degree, tilt degree, crack degree and

damage degree. The determined primary indices include

sliding degree, sedimentation degree, tilt degree, and crack

degree of retaining wall as well as five secondary degrees

including number of cracks, length, width and depth of

cracks and relative dislocation distance of cracks. The

destruction degree includes two secondary index as collaps-

ing scope of retaining wall and covering scope of retaining

wall by rock (soil) overtopping damage on the back of wall.

In addition, it can be seen from the statistics of seismic

damage that there is no necessary relationship between the

use of different materials and the damage degree in an

earthquake. As long as the quality of construction is under

Table 2 Seismic damage level of retaining walls in the Longmen Mountain region

Damage

degrees Assessment result

Undamage There are no seismic damage characteristics or apparent deformation and destruction of the surface of retaining wall, the

retaining wall does not need to repair and can continue to be used

Slight damage There is no obvious retaining wall damage or loss of retaining function. The seismic damage does not need repair and can be

used temporarily

Moderate

damage

The retaining wall damage is obvious, with significant wall cracks, dumping or displacement which requires partial repair

work

Severe damage The seismic damage of retaining wall is obvious, with significant wall cracks, dumping or large displacement which requires

substantial repair work

Destruction The seismic damage of retaining wall is severe, with the loss of retaining function. The retaining wall needs to be re-built
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reasonable control, just select an appropriate retaining wall

material according to the height and importance, as well as

other factors of the wall. Therefore in the seismic evaluation

of retaining walls, the material is not considered in assessing

the damage index.

The general index of retaining wall safety evaluation

obtained from comprehensive analysis is broadly divided

into two levels and 10 indexes in total. The extracted

corresponding damage evaluation index is shown in Fig. 1.

Safety Assessment Model of Retaining Wall

Grey Correlation Analysis

Grey correlation analysis is a means of analysing things by

establishing their internal relations, and can quantitatively

analyse the different factors influencing the development of

a system, calculating the weight through correlation (which

is more objective than the expert-scoring method). The

impact of factors on retaining wall damage can be analysed

through correlation of each factor, so as to determine the

weight of its importance and value.

(1) Determining the reference sequence

Damage degree D is selected for a retaining wall from

the correlation analysis in the safety assessment of the

retaining wall, which can comprehensively reflect the

damage state of the retaining wall, also all evaluation

indices have corresponding discrimination values, while

the determination of damage degree D is calculated by

the factor superposition integrated discrimination

method:

Y ¼
XN

1

Xi
j =N

Where N is the number of discriminating factor. The

larger the value of N, the higher discrimination accu-

racy. But in retaining-wall seismic damage phenomena,

there are not always 10 discriminating factors available.

When there are more than 6 discriminating factors, this

method can be applied, which determines the reference

sequence:

x0 ¼ x0 1ð Þ, x0 2ð Þ, . . . , x0 nð Þð Þ

(2) Determine the comparative sequence

Apply index sequence to record various factors of

retaining wall, xi(k) refers to the observational data of

the kth factor, where k is the index number:

x0 ¼ xi 1ð Þ, xi 2ð Þ, . . . , xi nð Þð Þ

Because of the different physical meaning of each index,

the dimensions of the data are not all the same. The raw

data needs to be processed into dimensionless numbers

by normalization. Select the interval value operator D,

XiD is the interval value image of Xi under the interval

value operator D, thereby getting the sequence:

XiD ¼ xi 1ð Þd, xi 2ð Þd, . . . , xi nð Þdð Þ

Where:

xi kð Þd ¼ xi kð Þ �mink xi kð Þ
maxk xi kð Þ �mink xi kð Þ

k ¼ 1, 2, . . . , n

(3) Correlation calculation

After data processing, the correlation coefficient

sequence is obtained through a correlation coefficient

calculation formula. The correlation coefficient calcula-

tion formula is:

ri x0ð kð Þ, xi kð ÞÞ ¼
min
i

min
k

x0j kð Þ � xi kð Þj þ ξmax
i

max
k

x0j kð Þ � xi kð Þj
x0 kð Þ � xi kð Þj j þ ξmax

i
max
k

x0j kð Þ � xi kð Þj ξ 0; 1ð Þ

Correlation of two comparative sequences can be

represented by the mean value of correlation coefficient

between two sequences, calculated as:

roi ¼ 1

n

Xn

k¼1

roi kð Þ

(4) Correlation sorting

Compare the correlations of various sequences to a

reference correlation, and arrange in order of size to

Fig. 1 Evaluation indices of retaining wall in Longmen Mountain

region
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form a correlation order. The correlation order directly

reflects the correlation order of various correlations on a

reference sequence; therefore the weight of each evalu-

ation index is obtained (Table 3).

Fuzzy Comprehensive Assessment System

The fuzzy comprehensive evaluation method is the applica-

tion of fuzzy transformation principles to consider various

factors related with the things to be evaluated, to quantify the

ill-defined factors which are difficult to quantify. Multiple

factors are applied to conduct a comprehensive evaluation

for the rank condition of things to be evaluated.

According to the fuzzy comprehensive evaluation theory

evaluation model:

1. The theory set O ¼ {basically complete, slight damage,

moderate damage, severe damage, destruction};

2. Factor set U ¼ {slippage distance, sedimentation depth,

tilt angle, the number of cracks, crack length ratio, crack

depth ratio, crack width, the dislocation distance, scope of

collapse, coverage};

3. Weight set W ¼ {0.078,0.075,0.098,0.112,0.095,0.130,

0.120,0.118,0.091,0.084};

4. Determine the fuzzy membership degree of each factor in

order to establish single factor evaluation matrix wall R

for each retaining wall:

R ¼
R1

R2

. . .
R10

2

664

3

775 ¼
r11 r12 . . . r15
r21 r22 . . . r25
. . . . . . . . .

r101 r102 . . . r105

2

64

3

75

5. Calculate evaluation results B according to fuzzy weight

set W and the evaluation matrix R:

B ¼ W∗R ¼ b1; b2; b3; b4; b5ð Þ

Seismic Damage Assessment of a Typical
Retaining Wall

The selected example of typical damage is located in

Qinggang Village, Mao County-Beichuan New County

(Longitudinal and Latitudinal: N31:51:22.3, E104:16:49.3,

elevation ¼ 854 m); it is a cast-in-site concrete retaining

wall. The height of retaining wall is 1.5 m, width 4 m, and

length about 100 m. In the middle of the retaining wall, a

section of wall has clearly visible cracking which has about

20 cm outward displacement with a tilt angle of about 3�.
The right longitudinal crack opens 5 cm with depth of 20 cm,

and another transverse crack extends about 4 m with a width

of 1 cm.

First carry out the sensitivity factor analysis. It is known

that at the seismic damage point, its scope is about 5 %, less

than 60 %, the following factor evaluation can be conducted.

According to the site investigation and analysis of retaining

wall damage characteristic values, the retaining evaluation

matrix is:

R ¼

1 0 0 0 0

1 0 0 0 0

0 1 0 0 0

0 0:85 0:15 0 0

0 0 0:2 0:7 0:1
0 0:85 0:15 0 0

0:5 0:5 0 0 0

0 0 0:5 0:5 0

0:7 0:3 0 0 0

0:7 0:3 0 0 0

��������������������

��������������������

Consider the role of various factors on the prevention and

treatment of seismic damage prevention engineering, com-

bined with the weight of each factor given previously, the

formed fuzzy vector—set of weights W, the evaluation

results of W and R on seismic damage prevention engineer-

ing is:

B ¼ W∗R
¼ 0:3355; 0:4162; 0:1143; 0:1255; 0:0095f g

Finally, according to the principle of maximum degree of

membership:

bi ¼ maxmax bj
� �

1�k�5

¼ b2 ¼ 0:4162

It can be determined that the retaining wall has minor

damage which does not need to repair and can use temporar-

ily. However, close attention should be paid to during using

to know whether the damage is further exacerbated. If there

Table 3 Correlation sorting

Evaluation index Correlation Weight Sorting

Slippage distance U1 0.500 0.078 9

Sedimentation depth U2 0.480 0.075 10

Tilt angle U3 0.630 0.098 5

The number of cracks U41 0.717 0.112 4

Crack length ratio U42 0.611 0.095 6

Crack depth ratio U43 0.833 0.130 1

Crack width U44 0.771 0.120 2

The dislocation distance U45 0.755 0.118 3

Scope of collapse U51 0.583 0.091 7

Coverage U52 0.542 0.084 8
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is, then re-evaluation should be conducted to determine the

degree of injury.

Conclusion

Through the analysis of retaining wall seismic damage in

the study area, sum up the main failure modes of retaining

wall include five categories as sliding failure, sedimenta-

tion failure, overturning damage, wall damage and

overtopping destruction, and analyse failure mechanism

and deformation characteristics of each failure mode.

Divide the retaining wall seismic damage in Longmen

Mountain area into five levels in accordance with the

retaining wall seismic damage conditions coupled with

the reference of early results of early seismic damage

grading, which are respectively basically complete, slight

damage, moderate damage, damage and destruction, and

conduct relevant description according to the evaluation

results of each damage levels and initially determine its

subsequent processing.

Conduct qualitative analysis and classification on the

factors affecting seismic damage evaluation in accor-

dance with comprehensiveness, importance as well as

scientific principles, and comprehensively analyse the

sensitivity factors and general factors of obtained safety

assessment of retaining wall. Regard 60 % of the damage

range as sensitive factor of retaining wall assessment, and

general factors are divided into two levels with 10

indexes in total, including: sliding distance, the depth of

subsidence, tilt angle, the number of cracks, crack length

ratio, crack depth ratio, crack width, the dislocation dis-

tance, collapse range, coverage.

The retaining wall seismic damage assessment system

proposed in this paper is based on the field investigation

of seismic damage point of Longmen Mountain, adopts

the grey correlation analysis to extract rules and quantify

indexes through the fuzzy comprehensive evaluation

method. Construct mathematical models to carry out

safety assessment for retaining wall seismic damage.

The retaining wall seismic damage evaluation criteria

and weights may be different, but the constructing

method has universal applicability. Therefore, in practice,

assessment methods can be corrected according to the

specific circumstances, so as to change the post-

processing into previously prevention, analyse the safety

situation of retaining wall structure and conduct a com-

prehensive assessment of their degree of danger in order

to prompt the authorities to improve such situation so as

to achieve the required safety requirements.
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Effectiveness of Hybrid Anchor Soil Nails in
Stabilizing Slopes and Stability Assessment
Based on Mechanics

M.J. Md. Noor, M.A. Saidin, and S.M. Tahir

Abstract

Soil nailing has been a well accepted technique for stabilizing slopes. It is particularly

useful when there is a limited working area, for example on slopes along highways, where

the system can be installed directly in the slope without any major earthworks. The nail

shaft will tie down the potential sliding segment to the interior stable ground. Nevertheless

there have been many failures in this system where creep movement of the shaft results in

the loss of stabilizing friction. In passive soil nails the stabilizing effect is considered to

come from the shear capacity of the nail shaft and thereby the shaft demands no initial

tension force. On the other hand, for active soil nail systems, despite applying a tension

force to the nail shaft, the concept of stabilizing is considered exactly as for the passive

system. Apparently, based on effective stress concepts, whenever the nail shaft is subjected

to tension force, the weak frontal zone will be pulled against the interior stable ground and

this thereby increases the effective stress along the potential failure surface. In turn, the

shear strength along the surface will be increased and thereby stabilize the slope. This is a

more appropriate mechanical design and will be presented in this paper. An innovation to

the conventional soil nail system is the application of hybrid anchor at the free end to

provide passive pressure resistance to effectively hold down the frontal supporting wall.

This involves a special drilling technique for the installation of hybrid anchors. Using this

technique, creep is prevented and thus the tension in the nail shaft will provide a long-

lasting effective stress along the potential failure surface and thereby effectively stabilize

the slope. The design of the hybrid anchor and its in situ pullout behaviour, with and

without grout will be presented.

Keywords

Soil nail � Shallow landslide � Rainfall-induced � Hybrid anchor � Effective stress

Introduction

Soil nailing was first developed as a system to improve the

behaviour properties of an in situ soil mass by the inclusion

of slender unstressed reinforcements as shown in Fig. 1

(Watkins and Powell 2007). The reinforcing effect is derived

from the nail-soil interaction. This is a powerful method for

slope stabilisation (Bruce and Jewell 1987). The zone in

front of the potential slip plane tends to detach from the

slope and is defined as the active zone, and the zone behind

the potential slip plane remains intact and is defined as the
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passive zone. The failure can be in the form of the sliding of

the active zone as a monolithic mass or the soil may move

past the nail shaft.

In the former case the stability is provided by the shear

stress exerted on the nail shaft at the potential failure plane.

This provides additional shear capacity over the potential

slip plane and acts to stabilise the slope. However in the

latter case the shear capacity of the nail shaft has no

contribution towards stabilisation since the soil just moves

past the shaft.

The potential modes of failure in terms of internal insta-

bility are (1) tensile failure, which is the breakage of the

reinforcement, or (2) slip of the reinforcement in the active

zone, or (3) slip of the reinforcement in the passive zone.

The soil nail system with the reinforcement unstressed is

known as a passive system, and if the reinforcement is

stressed it is known as an active system. In the passive

system the resistance along the nail shaft is mobilised only

when the frontal active zone starts to move.

Essentially the soil nail system consists of four types: (1)

unstressed reinforcement without bearing plates (2)

unstressed reinforcement with bearing plates (3) stressed

reinforcement with bearing plates and (4) stressed reinforce-

ment with bearing plates and structural surface cover, as

shown in Fig. 2a, b, c and d respectively. The first and the

second are not commonly used anymore but the third is

commonly applied, while the fourth is beginning to gain

popularity. There have been many slope failures in soil nail

systems and and how hybrid anchors can improve the inade-

quate existing system will be discussed.

Conventional Design Concepts and Failures
in Soil Nail Systems

Soil nailing is thought to be a robust solution but then slope

failure in this system is still inevitable. There is a need to

look deeper into the mechanics in order to understand the

problem. In the earlier design concept of soil nail, the

stabilising effect of the nail is considered to come from the

extra shear stress of the nail shaft in addition to the shear

stress of the soil along the potential slip plane. This is despite

whether the nail is stresses or unstressed, i.e. irrespective of

active and passive soil nails (Pappin 2007; Watkins and

Powell 2007). Notably, the shear resistance of the nail

shaft is very high since it comprises galvanised high tensile

steel enclosed with cement grout with a composite diameter

of 100 mm or 125 mm. In failures involving soil nails there

has never been any case where the shaft has sheared off.

Where most of them failed the active zone slipped down

with the soil, moving past the nail shaft and leaving the shaft

hanging down, as shown in Fig. 3. Apparently the nail shafts

flex and thus cannot act as a dowel.

The shortcomings of the conventional design concept has

been realised because of the many failures reported involv-

ing the conventional passive soil nail system. For example, a

report by Pun and Shiu (2007) noted 31 cases of failures in

Hong Kong from 1993 till 2007. Of these cases, 24 failures

happened at completed slopes and 7 occurred at temporary

slopes where the nail heads had not yet been constructed.

The failure at the completed slopes is of shallow type, while

the temporary slope failed on a bigger scale.

Note that the seven temporary slopes have no nail heads.

This is a clear indication that the stabilisation, as in Fig. 2a,

which is applying unstressed reinforcement without a bearing

plate, has no effect on stabilising at all. The wetted frontal

soil in the active zone cannot be held up by the friction

between the nail shafts. Upon infiltration, where suction

diminishes and apparent shear strength is lost, then the soil

just flows past the nail shaft. On the other hand, for the failure

in the 24 completed slopes with the nail heads where shallow

failures had occurred, then the bearing plate must have

already detached from the slope face. Then the system has

reverted from that in Fig. 2b to that in Fig. 2a. By and large

these two systems are not effective and should be avoided.

The soil nail system shown in Fig. 2c is a stressed rein-

forcement with independent bearing plates. In this case, the

bearing plate is just pulling down the slope face at the indi-

vidual points. The space between the bearing plates is

subjected to erosion and if this happened close to the plate

then soon the bearing plates will be left detached from the soil

and the applied tension will be lost. And again this system

will be reverted to the system in Fig. 2a, which is as if nothing

has been done to improve stability. Some of the failures in the

system, as in Fig. 2c, are shown in Fig. 4a, b, c, d, e.

Another shortcoming with the active soil nail system is

the creep effect. Creep is the gradual movement of the nail

shaft against the surrounding soil which causes the depletion

of the applied tension to the shaft. In other words the nail

shaft needs to be stressed periodically. Bear in mind that if

the bearing plates have been concreted to form the nail

heads, then how can the periodic stressing be done? This is

another deficiency in the current system which surely needs

to be corrected.

Fig. 1 Cross section of a soil nailed structure
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Mechanics of Stabilisation With Structural
Surface Cover Tied Down by Hybrid Anchors

In active soil nail systems the idea of subjecting the nail shaft

to a certain amount of tensile force is to pull down the

bearing plate installed at the slope face. With nails at a

certain spacing horizontally and vertically, the effect is that

the active frontal zone will be tied down against the stable

passive zone. In this manner the effective stress along the

potential failure plane will be elevated and thereby increase

the shear strength and in turn stabilise the slope. However,

the creep effect need to be eliminated, otherwise the same

problem will arise due to losing the compressive effect. This

is where the need for the application of the hybrid V-armed

flip anchor becomes significant. The conceptual mechanics

are illustrated in Fig. 5.

The installation of the hybrid V-armed flip anchor

required the drilling of the bulging free end. This required

a special eccentric hammer. Then the hybrid anchor is

inserted with the V-arms folded against a built-in spring

system using a U pin inserted at the back of the arms holding

the arms together. Upon reaching the bulging end, the

locking pin is pulled out via a cable to let the arms flip

open and the hole is then grouted. The bulging end with

the hybrid anchor provides extra passive pressure resistance

and simultaneously prevents slippage between the nail shaft

and the surrounding soil. The creep effect is thus completely

eliminated and this leads to the maintenance-free system,

ensuring the compressive effect of the frontal bearing plates

over time.

Unstressed
reinforcement bar and

oement grout

Unstressed
reinforcement 

bar 

Potential
slip plane

Potential
slip plane

Potential
slip plane

Nail heads Nail heads

Structural
surface cover

Potential
slip plane

Stressed
reinforcement

bar

Stressed
reinforcement

bar

Nail heads

a b

c d

Fig. 2 Various soil nail systems. (a) Unstressed reinforcement without bearing plate, (b) Unstressed reinforcement with bearing plate, (c) Stressed

reinforcement with bearing plate, (d) Stressed reinforcement with bearing plate and structural surface cover

Fig. 3 Steel reinforcement hanging down from a failed soil nail system
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To make the compression effect more effective there is a

need for a more comprehensive system that will hold down

the whole slope face to the ground, i.e. like the system

illustrated in Fig. 2d. One of the options is the application

of a gunite wall, as shown in Fig. 5, however this system may

not be environmental friendly. Another option is to apply a

cable netting system tied down at the nail points, as shown in

Fig. 6. This cable netting is applied with an erosion control

synthetic mat where hydroseed can be applied.

This would be a more effective and environmental

friendly slope stabilising system and the effect of hydroseed

is shown in Fig. 7. Another option is to apply a concrete grid

beam system at the slope face and tied down to the ground at

the beam intersection points using a hybrid anchor soil nail.

The grid internal surface can be turfed to make it environ-

mental friendly.

Hybrid V-Armed Flip Anchor and the Concept
Of Creep Elimination

The active soil nail suffers the gradual movement of the shaft

towards the frontal bearing plate due to the tensile pull. The

creep is due to the gradual shearing at the point of soil–nail

interaction. Creep occurs because the tensile and the shear

force are acting in the same longitudinal plane but opposite

in direction (see Fig. 8). The passive pressure behind the

bearing plate is providing the reaction to the pull. Creep

Fig. 4 Slope failures in active

soil nail/ground anchor systems in

Malaysia. (a) Gua Tempurung,

Malaysia, 1996, (b) Cameron

Highland, Malaysia, 2010, (c)

Bentong, Malaysia, 2009, (d)

Ringlet, Cameron Highland,

Malaysia, 2004, (e) Setiawangsa,

Malaysia, 2013
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occurs due to the resisting shear force giving way to the

tensile pull.

In a hybrid anchor soil nail system as shown in Fig. 5, the

passive pressure exerted by the hybrid anchor is in the plane

perpendicular to the nail shaft. In this system the creep

would only occur in term of the compression of the soil

located in between the two passive pressures at both ends.

Upon the application of the tensile pull, the soil right in front

of the hybrid anchor will undergo immediate compression

and stop once the soil is fully compacted under the applied

pressure. Once this is achieved then the chance of the soil

being further compressed is minimal and hence this can stop

the creep. This concept is supported by the pullout behaviour

of the anchor discussed below. The movement of the nail

shaft towards the frontal bearing plate is stopped by this

passive pressure effect. Thence the application of hybrid

anchor would be an effective solution to stop failure in an

active soil nail system, besides there have been many reports

on failures in passive soil nail systems.

Pullout Test on Hybrid Anchors

There are two types of pullout test conducted on this hybrid

V-armed flip anchor which are: (1) a laboratory pullout

test and (2) an in situ pullout test. The laboratory pullout

test showed that the structural tensile strength of the anchor

is 269 kN and the failure was the shearing at the coupling

between the anchor and the steel reinforcement.

Loss of shaft friction lead
to the reduction of this
effective stress

Elevated shear resistance

T-25 steel bar

Gunite

Hybrid V-arms Flip anchor
Bulging end

Passive pressure
resistance

Shaft friction

Critical slip
surface

Passive

pressure

resistance

Weak active zone

under compression

and stabilised

Increased effective stress along
potential failure plane

Resisting length, L,

UPVC centralisers
at 2.0m spacing

Fig. 5 Actual mechanics of stabilisation in an active soil nail system

with the application of hybrid anchors at the free end

Fig. 6 Cable netting with erosion control synthetic mat tied down to

the ground at the nail points

Fig. 7 Application of cable nettingand erosion control synthetic mat

before and after hydroseeding

Shaft friction

Critical slip
surface

Tensile pull

Resisting length, L,

Weak active zone

Passive

pressure

resistance

Creep direction

Fig. 8 Conceptual model of active soil nail system indicating the creep

direction
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The set up of the in situ pullout test conducted on a hybrid

anchor without grout at Dabong, Kelantan, Malaysia under

the supervision of the Public Work Department of Malaysia

is shown in Fig. 9.

The results of two in situ pullout tests before application

of grout conducted at a slope stabilisation project under the

Public Work Department of Malaysia at Dabong and

Gombak are shown in Fig. 10a, b, respectively. Both tests

showed that the hybrid V-armed flip anchor can withstand up

to a tensile strength of 150 kN. The anchors were locked in

the hard layer of granitic residual soil in Gombak and sedi-

mentary residual soil in Dabong and the anchor movements

after two test cycles were 0.707 mm and 0.260 mm respec-

tively. This shows that if the hybrid anchor is locked in a

hard soil formation, the compression of the soil under test

load of 150 kN is very minimal; note that this is without

applying grout. If grout is applied then the passive pressure

resistance would be over a bigger area and thus the resis-

tance would be greater and this is how creep can be stopped.

Slope Stability Equation With the Compressive
Effect of the Structural Surface Cover

This slope stability equation, as in (1), is developed to

incorporate the increase in the effective stress along the

potential failure plane due to the tensile pull by the hybrid

anchor in stabilising the slope. This is according to the

effective stress concept applied by Fellenius (1936) to quan-

tify slope stability. The application for hybrid V-armed flip

anchor to tie down the structural surface cover is as shown in

Figs. 5 and 11. The effect of shear stress at the nail shaft that

intersects the potential failure plane is neglected. The nail

shaft cannot act as dowel since it is not big and stiff enough

to resist the shear along the potential failure plane. The

distance between the nails is big enough for the soil to flow

past. Equation (1) therefore quantifies the FOS according to

the actual mechanics of stabilisation, incorporating the

increase in effective stress due to the pull by the hybrid

anchor. The efficiency factor Ef is to consider the fraction

of the effective stress that has been transferred from the

structural cover to the potential failure plane.

FOS ¼
X

Fshear�soil � R
X

W � La
ð1Þ

Fshear�soil ¼ τ σ0ð Þnonlinear � Lb � 1

Fig. 9 Set up of in situ pullout test on hybrid V-armed flip anchor

without grout at Dabong, Malaysia, 2012
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Fig. 11 Slope stabilisation using structural surface cover tied down

using a hybrid anchor
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σ0 ¼ W cos α

Lb � 1
þ Nail � Tension kNð Þ

Sv � Sh
� Ef

where Fshear � soil ¼ soil shear force at slice base

W ¼ weight of typical slice

Lb ¼ width of slice base

La ¼ distance of slice to centre of rotation

R ¼ radius of potential slip circle

Sv ¼ vertical spacing of nails

Sh ¼ horizontal spacing of nails

Ef ¼ efficiency factor

τ(σ ’)¼ non-linear function of shear strength with respect to

effective stress [i.e. according to (2) and (3)].

The non-linear function of shear strength with respect to

effective stress is as shown in (2) and (3) (Md. Noor and

Anderson 2006).

τ ¼ σ � uað Þ
σ � uwð Þt

1þ σ � uwð Þt � σ � uað Þ
N σ � uwð Þt

� �
τt ð2Þ

valid for; 0 < (σ � ua) < (σ � uw)t

τ ¼ σ � uað Þ tanϕ0
min f þ τt � σ � uwð Þt tanϕmin f

0h i
ð3Þ

valid for; (σ � ua) > (σ � uw)t
where

N ¼ 1

1� σ � uwð Þt
tanϕ

0
min f

τt

� �

(σ � ua) ¼ net normal stress

(σ � uw)t ¼ transition effective stress

τt ¼ transition shear strength

ϕ
0
min f ¼ minimum soil friction angle

Conclusions

1. The application of a hybrid anchor at the free end of a

soil nail managed to sustain a tensile pull of minimum

150 kN without grout with minimal displacement of

less than 1.0 mm.

2. Laboratory tensile tests showed that the structural

integrity of the hybrid anchor can withstand up to a

tensile pull of 269 kN.

3. The application of hybrid anchor with grout would let

the total structural capacity of the anchor of 269 kN to

be fully mobilised.

4. The application of a hybrid anchor at the free end is an

effective way to eliminate creep in active soil nails, as

well as giving extra pullout capacity.

5. The application of the structural surface cover tied down

using the hybrid anchor would be an effective way of

stabilising slopes against shallow rainfall-induced failure.
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A Vigorous Debris-Flow Incident at Al-Hada
Descent and Remedial Measures

Bahaaeldin Sadagah

Abstract

Al-Hada descent lies in the western region of Saudi Arabia; it begins at an elevation of

about 2,000 m, and is characterized by sharp cliffs. The Al-Hada descent road was

constructed with an elevation difference of 1,500 m between the highest and lowest heights

along the road. The road alignment is intersected by 14 very steep gullies of almost 60–80�.
The gullies contain large quantities of consolidated and unconsolidated mud, old levees and

large rock blocks. The Al-Hada descent road was hit in April 2012 by heavy rainfall lasting

almost 2 h. The rainstorm initiated 11 debris flows in steep gullies, which travelled rapidly

down and hit the road with speeds of 25 m/s along the gully channel. Once the debris flow

dropped from a height of about 150 m elevation and reached a less confined area at the

retaining wall, it partially destroyed the gabions layer, right side gabions, and edges of the

retaining walls across the gullies and overflowed them, as they received more rolling,

sliding and bouncing rocks from higher steep elevations along the gully. The moving debris

flows spread out, lost speed and was deposited beyond the highway descent route, and

dropped to the lower side of the gully towards the valley.

The study suggests a temporary solution which is removing about 150,000 m3 of the

debris accumulation in the gully and to scale the remaining debris body to an angle of less

than 35�. Another suggestion is to implement a permanent solution by constructing a

number of high-capacity mesh barriers along the gully.

Keywords

Debris flows � Rainfall � Remedial measures

Introduction

Landslides and rockfalls frequently occur on mountain roads

in rugged terrain. One of the most difficult terrains in

westerly Saudi Arabia is the Al-Hada descent (Fig. 1). The

famous Al-Hada descent lies at the upstream high-elevation

region of Wadi Na’man in the western part of the Kingdom

of Saudi Arabia (KSA). The highest elevation of the Al-

Hada road reaches almost 2,000 m above mean sea level, and

its alignment lies within the sharp cliff edges of the Sarawat

Mountains at the highest elevations. Before the ascent, the

road starts from about 500 m elevation and reaches to more

than 2,000 m.

The difference in elevation from the highest to lowest

elevation is about 1,500 m. The descent lies between

longitudes 40�1608.400E and 40�13022.400E and latitudes

21�22017.300N and 21�2001100N (Fig. 2). Al-Hada road is

22 km long and starts west of Al-Taif city, and runs through

the Al-Hada descent. The road connects the highlands where

Al-Taif city is located to the lowlands at Na’man valley

which leads to Makkah Al-Mokarramah city. Along this

22 km distance, natural slopes, man-made slope cuts,

engineering structures, and gullies are located.
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Brief Geomorphology and Geology

Al-Hada descent includes two distinct geomorphologic

terrains: (i) a dissected upper plateau of low mountains and

hills, and (ii) a precipitous escarpment. The study area is

characterized by rugged, steep terrain with steeply incised

drainages, and narrow crested ridges originating from a

number of catchment areas. The most prominent of these

features is the northwesterly trending Asir or Tihama escarp-

ment, a structure, which is traceable for some 1,500 km.

The road alignment is intersected by 14 very steep gullies

of almost 45–80� where it reaches the descent escarpment

and the lowest elevations, respectively. The gullies generally

contain large quantities of mud, old levees and large fallen

rock blocks. The rocks in the study area are granite, grano-

diorite, and gabbro intersected by a large number of basic

dikes formed of diorites. Many dikes intruded through

fractures with a southwest trend. The dike widths in general

range between 5 to 10 m.

Field Conditions

The nature of the sediment in the gullies is (1) consolidated

bodies that are a result of tens of years of sedimentation, (2)

loose accumulations, which are a result of dumping the rock

mass spoil from the higher levels of the road downwards

onto the lower road levels, at the time of expanding the upper

road. The second type usually overtopped the first type,

accordingly; it is liable to move downwards in case of flow.

The gullies are scattered along and intersect the road

alignment; the particular debris flow of concern is shown

in Fig. 2.

Rainfall-Triggered Debris Flows

Al-Hada descent road was hit for two successive days in

April 2012 by heavy rainfall lasting almost two hours. As the

debris accumulation bodies are scattered along the road, as a

result of rainfall (1) some of them did not move, (2) some

had a small effect on the road, away from the study site, and

(3) others had significant movement and caused destruction

to the road and properties (Sadagah 2013).

The rainstorm initiated 11 debris flows in steep gullies,

which traveled rapidly down and hit the road at a speed of

25 m/s along the gully channel. Once the debris flow

dropped from a height of about 150 m elevation and reached

a less confined area at the retaining wall, it partially

destroyed the gabion layer, right side gabions, and edges of

the concrete retaining walls retained for almost 10 m across

the gullies, and destroyed most of the 1.5 m gabion above the

wall and overflowed them. The debris flows received more

rolling, sliding and bouncing rocks from higher steep

elevations along the gully, and continued moving to cover

the whole road alignments. The moving debris flows spread

out, lost speed and deposited material beyond the highway

descending route, and dropped to the lower side of the gully

towards the valley. The height of the debris flows over the

road was about 10 m high (Fig. 3). The debris flow is a

combination of translational/ rotational movement, slipping

above the lower layers of the old debris (Turner et al. 2012).

The slide material consists of pre-existing landslide

deposits, loose materials, and incised deposits in the debris

accumulation. Triggering mechanisms include surface water

infiltration, and toe erosion, and water inflow incision.

Fig. 1 Location of Al-Hada descent area in Saudi Arabia

Fig. 2 Location of the debris accumulation and direction of flows

(yellow dotted arrow), others in solid black lines
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Field Investigation of the Debris
Accumulations

At each of the 11 debris flows, the field density and moisture

content of the consolidated soils were measured by a nuclear

method. The technical properties of these particular debris

flows is a moisture content ¼ 3.4 %, field wet density

¼ 1,836 kg/m3, field dry density ¼ 1,776 kg/m3, maximum

dry density 2.19 gm/cm3, optimum moisture content ¼ 6 %,

and compaction % ¼ 83 %.

Laboratory Investigation of the Debris
Accumulations

Debris accumulations samples were investigated in the

laboratory, including grain size analyses (Fig. 4) and

moisture-density contents relationships. A shear box test

on the soil part of the debris was performed and showed

that the friction angle is between 38� and 42� for the debris
flows that took place.

Analysis of Debris Flow Laboratory Findings

The field density results of all debris flows show that field

wet density ranges between 1,465 kg/m3 and 2,058 kg/m3,

where the field dry density ranges between 1,391 kg/m3 and

1,986 kg/m3, and maximum dry density ranges between

2.147 gm/cm3 and 2.355 gm/cm3. Moisture contents range

between 6 % and 8.3 %, compaction % ranges between

64.9 % and 94.3 %.

The statistical analysis shows: (1) a linear relationship

between field wet density and field dry density, where the

correlation coefficient is 0.99, (2) a linear relationship

between field dry density and compaction %, where the

correlation coefficient is 0.97, and (3) a negative relationship

between moisture content % and compaction %, where the

correlation coefficient is 0.12. The samples with a high field

wet density have high field dry density and vice versa, but

the relationship is not clear between the density and the

compaction and moisture content; this is because the debris

is compacted due to its own weight, and not overlaid by thick

geological successions of sediments.

Modeling of the Debris Accumulations
and Movement

In order to model the debris flows, DEM data is used. Digital

elevation model (DEM) data consist of a sampled array of

regularly spaced elevation values referenced horizontally

either to a Universal Transverse Mercator (UTM) projection

or to a geographic coordinate system.

In the field of natural hazards, there is an increasing

demand for process models that help understand the

dynamics of geophysical mass movements, from initiation

to release.

Models allow engineers to predict the speed and run out

of these hazardous movements in complex terrain. Such

models are especially helpful when proposing mitigation

measures, where knowledge of the inundated area is of

critical importance. Hazard mapping, the primary applica-

tion in mountainous countries, requires models that allow

engineers to test different hazard scenarios. While well-

tested empirical methods are available to determine run-out

distances, velocities and flow heights, numerical models

now allow practitioners to predict flow paths in general

terrain as well as to model entrainment processes. Better

mitigation strategies can result.

Remedial Measures

The DEM was used to model and to determine locations for

the remedial measures for these debris flows, which are

considered one of the most dangerous debris accumulations

along the Al-Hada descent road. The debris is formed

of many bodies scattered along the slope topography. In

addition, during the rainfall, the powerful water inflow

incised the debris and eroded the eastern part of it, which

made possible a water passage to the contact between it

and the underlying rock mass, and could soon decrease

its stability.

Fig. 3 One of the debris flows took place at the Al-Hada descent road
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The remedial measures at this station will be as follows:

1. Remove (scale) the debris accumulations starting from

the upper to the lower road level.

2. Construct three retaining dams of 10 m height along the

gully (Fig. 5).

3. Construct eight wires mesh draperies of 7 m height of the

gully sides, where seeder rocks are located, to collect the

falling and running rock blocks (Fig. 5).

4. Cover the incised sides with a welded steel mesh covered

in shotcrete to block the passage of water.

5. Place soil nails in the debris accumulation to reach the

underlying rock mass, if scaling is impossible using the

available machinery

Conclusions on Debris Accumulation Flows

The debris accumulations are formed mainly of poorly-

graded sand and gravel with minor amounts of silts

(Takahashi 2007). The deposits are non-plastic.

The debris accumulations are compacted and have low

values of compaction and moisture contents.

The accumulations are sitting in the gullies at angles of

more than 40�, which are more than the soil friction angle

(38–42�), accordingly they are unstable.

These compacted incised debris accumulations due to

rainfalls indicate that they are unstable. In addition,

debris flows at these gullies took place along the debris

surface slopes after the rainfall, which indicates that the

cohesion is close to 0� and needs an immediate support

and continuous debris monitoring.

The satellite image and DEM are necessary to show

the steep slopes where the debris accumulations are

formed.
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Fig. 4 Grain size analysis of the debris flows

Fig. 5 The proposed locations of retaining dams (barriers, in yellow)
and wire mesh draperies (brown) to stop the debris flows
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Application of Reinforced Concrete Retaining Walls
for the Rehabilitation of Landslides on Roads

Nedim Suljić

Abstract

In this study we will analyze the use of reinforced concrete retaining walls in the case of the

remediation of landslide “Potoci” on a local road in Srebrenik, in the northeastern part of

Bosnia and Herzegovina. This landslide occurred on the part of the road toward the Old

Town of Srebrenik and due to landsliding the road was damaged over a distance of about 60

m. Deformation of the landslide is reflected in depressions, folds and fissures on the hillside

terrain and two damaged facilities, one residential building and one outbuilding (garage

with storage). At this location, the drainage of rainwater is completely uncontrolled, and

pours from the asphalt road down the hillside terrain. The catchment area of this site covers

a considerable area. During major and long-lasting precipitation most of the water flows

down the slope below the road, and part infiltrates into the soil through cracks, which has

led to the emergence of the landslide, and slope and road instability. In addition, unplanned

construction of residential buildings resulted in an overloading of the slopes and is an

additional factor that affects the occurrence of landslides. Based on the general properties

determined for the landslides and the causes and mechanisms of initiation of earth masses

from an engineering-geological point of view, permanent remedial measures are proposed.

These permanent measures include the application of appropriate support structures and

technically suitable drainage of rainwater (surface) and underground water.

Keywords

Landslide � Remediation � Retaining wall � Rainwater � Underground water

Characteristics of Terrain

Landslide “Potoci” has a length of about 60 m and covers an

area of c. 0.3 ha. The moving soil mass is about 10,000 m3.

The slope where the landslide occurred is quite steep, with

slope of 16�. At the top of the slope there is a local road

(Fig. 1) while below the road there are residential buildings.

In geological terms, the terrain is composed of a talus soil

mass cover of dusty clay with a thickness of 3 to 4 m. Under

the cover there is a substrate of rock marl of Miocene age.

The sliding layer is in the layer of talus dusty clay or in the

contact of the talus dusty clay and the marl.

Based on geomechanical investigation it was determined

that the slope does not have a steady level of groundwater.

During periods of heavy precipitation and heavy rainfall, as

well as during the melt of snow, underground water is

created which degrades the cover layer of dusty clay and

the landslide occurs. The cause of the origin of landslides is

the static and dynamic effect of underground water on the

steep slope of the terrain with an asphalt road on it. The

sliding layer is formed at about 3 to 4 m from the surface of

the slope of the terrain and at the bottom of the dusty clay

cover.

Based on the determined general properties of the terrain,

as well as the cause and size of the landslide, two types of
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remediation were considered. One possibility is the applica-

tion of a discontinuous retaining structure made of bored

piles with spigot reinforced concrete beams, while the sec-

ond variant is a reinforced concrete retaining wall. Of

course, in both variants it is necessary to collect and drain

surface water and groundwater outside of the sliding body.

Possible Remediation Measures

Variant With Bored Piles

The variant with a discontinuous supporting structure of

bored reinforced concrete piles connected with spigot

reinforced concrete beam was one of the alternatives con-

sidered for landslide remediation (Fig. 2). Besides a techni-

cally correct solution for landslide remediation, it is

necessary to take into account the economic and financial

side of the works. According to this scheme the bored piles

would be fixed in the marl rock. The diameter of the piles

would be 120 cm, and binding spigot beam size would be

100/140 cm. The bored piles and spigot beams would be

made of reinforced concrete of satisfactory quality with

ribbed reinforcement. Spacing between the piles is 4 m

(Fig. 3).

Besides a discontinuous retaining structure of bored piles,

open channels for receiving and controlling drainage of

surface water would be also made. The channels should be

made of concrete resistant to frost and follow a natural slope

of terrain where the slope of the channel bottom should not

exceed 15 %. Surface water is drained from the open

channels to a nearby local storm sewer or into the nearest

natural receiving area.

It is necessary to carry out planning for the area after

landslide remediation and grass planting on the surface of

the landslide in order to minimize rainwater infiltration into

the soil. Based on the cost estimate and the amount and type

of material and the type and volume of work required, the

cost of remediation of landslide by this variant would be

45,000 euros.

Variant With Reinforced Concrete Retaining
Wall

A reinforced concrete retaining wall is planned for under the

asphalt road, with a length of 65 m and it is based in the

geological substratum or the marl. Behind the reinforced

concrete retaining wall, a standard filter layer with non-

woven geotextile and proper drainage pipe would be built.

Drain water behind the retaining wall is taken in the gutter

by the drainage system and holes in the wall (barbacanes),

which are planned along the wall (in front of the wall) and

from which water drains into the local storm sewer (Fig. 4).

At the top of the retaining wall (behind the wall) the

concrete channel it is planned to collect the surface (rain)

water from the asphalt road and take it to a planned revision

concrete manhole and on to the local storm sewer (Fig. 5).

Below the reinforced concrete retaining wall, the con-

struction of drainage ditches in the form of the letter “Y” is
planned, as seen in Fig. 4. A cross-section of a drainage ditch

that would be applied in remediation of the landslide is

shown in Fig. 6.

Fig. 1 Picture of the terrain slope with part of the damaged road

Fig. 2 Terrain slope with sliding flat area and bored piles
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According to the cost estimate of types of work,

quantities and types of materials used, we obtained the cost

of landslide remediation of 40,000 euro.

Landslide Remediation by Reinforced Concrete
Retaining Wall

Based on the analysis of two variants of landslide remedia-

tion, we selected the reinforced concrete retaining wall as a

cheaper solution that is a very good permanent remediation

measure. In addition, because of the dynamic load of the

motor vehicles on the road which was threatened by the

landslide, construction of reinforced concrete retaining

wall is justified.

Also, from the top of a reinforced concrete retaining wall

it is easier to build access to individual residential facilities

located along the road. Remediation of the road is thus

enabled by the design and construction of a permanent

remediation measure using a reinforced concrete retaining

wall, and by technically correct drainage of surface water

and groundwater (Figs. 7 and 8).

By remediation of the landslide below the road leading

to the Old Town of Srebrenik two residential buildings

and an outbuilding that were directly threatened by landslide

were also rescued. Infiltrated surface water is drained to

the revised reinforced concrete manhole by the filter layer

behind the retaining wall and by 200 mm drainage

pipes, from where the pipe system drains it down the terrain

slope into the existing manhole and further into the

local storm sewer that runs beneath the terrain slope

(Figs. 9 and 10).

Concluding Discussion

In this example, the remediation of landslides on the part

of the road to the Old Town in Srebrenik in the northeast-

ern part of Bosnia and Herzegovina proved to fully justify

the construction of a reinforced concrete retaining wall

with drainage channels and storm water drainage. The

project was planned and executed in accordance with the

technical norms and standards, and represents a good

and efficient solution for landslide remediation. In fact,

Fig. 4 Landslide situation with the position of retaining wall and

drainage channels

Fig. 5 The cross section of the reinforced concrete wall

Fig. 3 Dimensions and position of bored piles in relation to the sliding

area
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in Bosnia and Herzegovina, in many cases reinforced

concrete retaining walls are used for landslide remedia-

tion. Other supporting structures, such as gabion

structures, discontinuous substructures of bored piles or

reinforced soil have amuch less frequent application. This

is reflected in equipment and classification of construction

companies, as well as the designer’s practice of using and

applying reinforced concrete as a building material for the

continuous measure of landslide remediation.

In Bosnia and Herzegovina, in the design and imple-

mentation of landslide remediation, one of the main

indicators for selection of one of the considered

alternatives is the cost price of the works. In this case,

in addition to being well-chosen technical solutions, the

cost of the landslide remediation had a major role.

Remediation of this landslide was completed during

the month of August 2010, and until today there has been

no movement of soil, which can be seen on the basis of

measurements at fixed points which are used to track

monitoring after completed remediation.

Fig. 6 Cross section of drainage ditch

Fig. 7 Concreting of one section of retaining wall

Fig. 8 Construction of a retaining wall for landslide remediation
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A Simplified Analytical Model for the Design
of Flexible Barriers Against Debris Flows

Andrea Segalini, Roberto Brighenti, and Gessica Umili

Abstract

A debris flow is usually represented by a mixture of solid particles of various sizes and

water, flowing along a laterally confined inclined channel-shaped region; debris flow

protection barriers are the focus of this research. In particular the paper presents a

simplified structural model of cable-like retention barriers based upon the equation of

equilibrium of wires under large displacements condition. Inputting the debris flow

features, the model returns restraining forces and cable stresses that can then be used for

an appropriate barrier design. Some parametrical tests were performed to analyze how the

impact velocity and the mass density of the debris influence the maximum tensile force and

the acting load in the cables: also the energy associated with debris flow is assessed. Results

are here presented and discussed.

Keywords

Debris-flow � Retention barriers � Cable structure � Parametrical analysis

Introduction

Rapid mass movements of materials composed of a mixture

of grains, water and air developing under the effect of

gravitational forces are known as debris flows.

Their destructive capability is particularly severe due

their high amount of energy, with movement usually taking

place for several hundreds of meter along slopes, without

losing kinetic energy (Takahashi 1983). This phenomenon

usually takes place due to collapses of natural accumulations

of material (landslides, erosion, etc.) produced by strong

autumnal precipitations or rapid spring snowmelt.

Debris Flow Impacting a Flexible Surface

The effect of the debris flow impacting an obstacle is to

transmit a pressure to the contact area. In the case of reten-

tion barriers, such an obstacle is deformable and its flexibil-

ity mitigates the pressures developed during the impact,

allowing the flow to slow down to the point of complete

arrest if the barrier strength is adequate.

Moreover, for permeable barriers, such as net-type

barriers, a draining effect can take place as well, increasing

the internal friction of the particles and facilitating the arrest

of the flowing material. Neglecting the barrier deformation

(to be on the safe side), the pressure produced by the debris

flow impact can be estimated by considering both the

dynamic impact pressure and the static pressure of the

deposited debris (Kwan and Cheung 2012). The first one

can be determined assuming the kinetic energy of the

flowing material to be totally converted in a pressure load

when the velocity vanishes (Bernoulli theorem). The

dynamic pressure on the barrier can thus be estimated as

(Fig. 1a):
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qd xð Þ ¼ α � ρd � v20 ð1Þ

Where α is an empirical coefficient (α ¼ 1.5–5, Canelli

et al. 2013) that can be assumed to be equal to 2.0 when the

barrier is flexible and drained and the flow regime is granu-

lar, while ρd, v0 are the mass density and the impact velocity

of the debris, respectively. It must also be considered that

after the impact, when the debris starts to accumulate behind

the barrier, a static pressure develops (Fig. 1). The height of

the accumulated material at the generic time t can be

estimated as (Fig. 1b):

h tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � v0 � t � h0 � tgθ

p
ð2Þ

where the quantities h0 and θ (height of the debris flow and

inclination of the slope behind the barrier) are assumed to be

constant during the phenomenon. Note that (2) requires a

positive slope, i.e. θ > 0, while for θ ¼ 0, i.e. for a hori-

zontal slope, the problem is indeterminate.

The static pressure acting at the depth d(t), measured with

respect to the current top free surface of the material, can be

assessed through the trivial relation:

qs dð Þ ¼ k � d�t� � ρd � g
¼ k � �h0 þ h tð Þ � z

� � ρd � g ð3Þ

where k and g are the earth pressure coefficient and the

acceleration of gravity, respectively, while z is the vertical

position of the point under consideration (Fig. 1b).

Structural Model of a Cable Structure

The present model (Brighenti et al. 2013) simply assumes

that the main resisting cables are loaded only in the horizon-

tal direction, while the vertical forces transmitted by the net

connecting to the cables are negligible for small vertical

deformation of the barrier (Fig. 2).

The final relation between the distributed load qi and the

maximum displacement ūi of the i-th cable occurring at its

midpoint is:

qi uið Þ ¼ 64EiAi

3 l4i
� ui3 ð4Þ

Making use of the load-displacement relationship and

considering also the effects of the brakes and of the super-

posed net, the equilibrium relations lead to a system of

equations (Brighenti et al. 2013). Since the solution of such

a system does not allow an easy analytical treatment, an

iterative evolutionary algorithm belonging to the so-called

Genetic Algorithm (GA) is applied (Goldberg 1989; Gen

and Cheng 1996).

Parametrical Analysis

A trapezoidal barrier composed of six cables was simulated;

the space between each cable was equal to 1 m. Some tests

were performed to analyze how parameters influence

Fig. 1 Debris accumulation behind the barrier (a) and corresponding

load distribution at a generic time instant (b)

Fig. 2 Geometric and loading parameters of the single cable of a

retention barrier
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maximum tensile force H, maximum displacement ū of the

cables (occurring at the mid-point) and acting load q in the

cables: in particular impact velocity v0 (3–10 m/s), mass

density ρd of the debris (1,850–2,000–2,200 kg/m3), height

of the debris flow h0 (0.2–0.4–0.6–0.8 m) and inclination of

the slope behind the barrier θ (20–30–40�) have been varied
and a total of 288 combinations of their values have been

used as input of the barrier model.

Hmax, umax and qmax are the maximum values of H, ū and

q, respectively, among those obtained for each considered

instant. Maximum and mean values of Hmax, umax and qmax

are obtained considering five cables, from the second one

starting from the ground to the upper one. The first cable

from the bottom was not considered in the analysis because

its transversal section area is bigger than the others, in order

to simulate the effect of anchoring it to the ground.

A correlation index was calculated between input and

output data: values are reported in Tables 1 and 2.

Maximum value of Hmax, umax and qmax and mean value of

qmax are strongly correlated to impact velocity (correlation

index close to 1). In particular Figs. 3 and 5 show trends with

exponents equal or close to 2, while Fig. 4 shows a linear trend.

The maximum value of qmean and mean value of qmean

have an intermediate correlation index with impact velocity:

Fig. 6 shows that trends in this case are influenced also by h0
and θ. This fact must be highlighted because it proves that

considering the mean value of the acting load on the cables

may not always be the best choice for the design of the

barriers.

Energy Assessment

The debris deposition mechanism called “run-up” (Fig. 7) is
defined as follows: the fluid glides on the upper surface of a

wedge of material, which is fairly stable; then continues to

impact the barrier until the new waves are blocked along the

ramp, dissipating all the kinetic energy. The volume of

debris flow involved in the interaction with the barrier is

limited; a significant portion of the total kinetic energy is lost

by means of inelastic deformations of debris during the

impact with the barrier (Sun and Law 2012).

Sun and Law (2012) propose that, for a first approxima-

tion, the evaluation of the impact energy held up by the

barrier can be related the total kinetic energy of the front

portion of the flow involved in the impact. The analysis

adopts the Lagrangian approach, where the reference frame

is the position of the flexible barrier, that moves forward

when subjected to the pressure of the debris.

Assuming dQ/dx ¼ 0 (the volume of debris deposited is

constant along the barrier), it is demonstrated that the dissi-

pation of kinetic energy of the debris flow along its runout

path on the material previously deposited is due to the

conversion into potential energy and frictional resistance,

as follows:

Table 1 Values of the correlation index between input and output

parameters

Maximum Hmax Maximum umax Maximum qmax

v0 0.987 0.988 0.980

ρd 0.108 0.105 0.111

h0 0.002 0.005 0.002

θ 0.002 0.002 0.002

Table 2 Values of the correlation index between input and output

parameters

Maximum qmean Mean qmax Mean qmean

v0 0.276 0.980 0.363

ρd 0.467 0.111 0.320

h0 0.789 0.002 0.845

θ 0.123 0.002 -0.008
Fig. 3 Correlation between impact velocity and maximum value of

Hmax

Fig. 4 Correlation between impact velocity and maximum value of

umax
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Fig. 5 Correlation between impact velocity and (a) maximum value of qmax, (b) mean value of qmax

Fig. 6 Correlation between impact velocity and (a) maximum value of qmean and (b) mean value of qmean; ρd ¼ 1,850 kg/m3

Fig. 7 Run-up deposition mechanism (Sun and Law 2012)
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dek=dx ¼ �ρ � g � Q0 � sin γ þ μ � cos γ½ � ð5Þ

where:

ρd is the mass density of the deposited material;

g is the acceleration of gravity;

Q0 is the discharge rate of the incoming debris flow;

γ is the average inclination of the debris deposited behind

the barrier;

μ is the tangent of ø, which is the friction angle between the

deposited material and incoming debris.

The height of the impacting flow is considered perpen-

dicular to the ground surface and the debris flow velocity is

much higher than the deformation velocity of the barrier due

to the impact.

Table 3 shows two different equations for calculating the

kinetic energy absorbed by the barrier and the duration of the

impact in two different scenarios that can occur in a run-up

deposition mechanism. In the first scenario the height of the

barrier HB is greater than or equal to HD, the final thickness

of the debris flow; in the second one instead HB is smaller

than HD. In these equations v0 is the impact velocity; h0 is

the depth of the incoming debris flow (assuming a

perpendicular impact on the barrier); θ is the average slope

of the channel; V is the debris volume.

In the following, we refer to a mechanism of run-up with

HB < HD (8). For each test we assume fixed values of

velocity, density, height of the flow and inclination of the

slope. Knowing the geometry of the barrier, flow values are

then calculated. The next step is to calculate the actual

energy stored by the network, EBeff, through (8). In the end

we obtain the value of μ for which the stored energy EBeff is

roughly equal to the energy value calculated by the analyti-

cal model presented here (Brighenti et al. 2013). Once the

equality between the two energies is obtained, one can

observe that also the two durations of impact, the first one

calculated through (9) and the second one calculated by the

model, are roughly equal (Table 4).

Conclusions

A simplified analytical structural model of cable-like

retention barriers has been presented to assess the safety

of such protection elements. A parametric study has been

finally presented to show the influence of some input

parameters on output data.

Table. 4 Comparison of design impact energy of barrier (EB) and duration of impact (T) calculated for ten different tests through (8) and (9) and

those obtained from the analytical model (Brighenti et al. 2013)

Velocity v0
(m/s)

Density ρd
(kg/m3)

Height h0
(m)

Slope θ
(�)

EB eff (8)

(KJ)

EBtot (μ ¼0) (8)

(KJ)

EB model

(KJ) μ (�)

Tmodel

(s)

Tf (9)

(s)

Test

1

3 1,850 0.2 20 390.45 2189.46 366 1.5 52.800 54.273

Test

2

4 1,850 0.2 40 336.22 2370.97 366 7 17.200 17.975

Test

3

5 2,000 0.4 20 417.48 8879.71 368 6.5 17.200 16.282

Test

4

6 2,200 0.6 30 271.57 9663.81 372 14.5 6.100 5.779

Test

5

7 1,850 0.8 40 305.52 7857.68 371 24.5 2.700 2.568

Test

6

8 2,000 0.2 20 362.61 99017.87 366 18.37 21.500 20.352

Test

7

9 2,200 0.4 30 367.92 22535.97 369 31.4 6.100 5.779

Test

8

10 1,850 0.6 40 334.04 16337.16 369 44 2.500 2.397

Table 3 Analytical solutions for the impact of a debris flow against flexible barriers (Sun and Law 2012)

Deposition mechanism and scenario Design impact energy of barrier (EB) and Duration of impact (T), with TS � V/v0
Run-up, HB � HD

EB ¼ ρd � Q0 � v50 � cos θ þ γð Þ � sin θ þ γð Þ
48 � h0 � g2 � μ � cos γ þ sin 2γ

� � (6)

Ts ¼ v30 � cos θ þ γð Þ � sin θ þ γð Þ
8 � h0 � g2 � μ � cos γ þ sin γð Þ2 (7)

Run-up, HB < HD
EB ¼ ρd � Q0 � v0 � H2

B
4 � h0 � tan θ þ γð Þ-

ρd � g � Q0 � H3
B

3 � h0 � v0 � tan θ þ γð Þ � sin θ þ γð Þ � sin γ þ μ � cos γð Þ (8)

Tf ¼ H2
B

2 � h0 � v0 � tan θ þ γð Þ (9)
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Also a preliminary energy assessment was performed.

This work represents a starting point that will need further

development and additional validation; however due to

its simplicity and easy estimation of the involved

parameters, it represents a promising tool to enhance the

design and the verification of flexible barriers.
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Engineering Solutions for Elimination of the Risk
of Destruction of Moraine

Eduard Zaporozhchenko and Aleksandr Butenko

Abstract

In the upper reaches of the Kumtor River (Kyrgyztan, Inner Tien Shan), behind the young

end moraine, a new lake formed at approximately 3,735 m at the turn of the twentieth

century. With the feeding glacier degrading, due to climate reasons, the volume of

accumulated water mass has increased (up to 70 mln cu.m by 2013). The lake’s natural
retaining dam, composed of permafrost rocks with inclusions of buried ice blocks, is

subject to thermokarst processes. Conditions for possible dam failure have formed and

have been developing. Such a failure will lead to the creeping and sloughing of slopes of the

developing washout channel and to a debris flow, which may be catastrophic for the

infrastructure and tailings dump of the operating Kumtor gold mine. Based on analysis of

the developing geotechnical situation and on multi-variate consideration of possible dis-

charge routes and various construction designs of outlet works, a phased water level

drawdown (water volume reduction) of the lake via a cascade of gabion structures during

summer, in a route and mode as to achieve the best technical and economic execution and

minimum engineering risk, has been accepted as a solution.

Keywords

Moraine complex � New lake formation � Permafrost section � Buried ice � Failure

scenario � Spillway � Gabions

Introduction

At the beginning of 2013 the Sevkavgiprovodhoz Institute

presented “Pre-design Concepts” on a controlled water

drawdown at a large mountain end-moraine dammed water

body to a Canadian company, developing a gold mine in the

upper reaches of the Kumtor River (Kyrgyztan, Inner Tien

Shan). The necessity for the drawdown had been caused by

an increasing threat of water masses outbursting onto the

mined area with possible disastrous consequences for the

tailings pit (Fig. 1) and infrastructure facilities.

The mine of the company is situated at 3,900–4,200 m asl

high, auxiliary services—at up to 4,400 m asl high. It has

been in operation since 1997 and production is the second

largest in the world. The gold production level, planned for

2013, is 550–600,000 ounces (with more than 300 tons

produced since 1997).

The concepts, suggested by the Institute, were based on

integrated data resulting from geological, hydrological and

geophysical explorations and research on the issue of previ-

ous years, including those conducted in 2012 by a group of

specialists from Russia, Kyrgyzstan and the Czech Republic,

as well as data, received from the Customer—the Kumtor

Operating Company (Chernomorets et al. 2012).

In 2012 the following work was performed: bathymetric

surveys of the Petrov lake system, georadar surveys of the

lateral part of the Petrov glacier; information on the moraine

line structure, including geophysical data (electrosounding,
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tomography, gravimetry), as well as drilling samples, was

analyzed. Geo-Eye-1 space photography images were

interpreted. An orthophotomap was created.

Petrov lake (Lunkin and Lunkina 1989) is located in

north–east Kyrgyzstan, on the western slope of the Ak-

Shiyrak mountain group. The lake waterline level is

3,733–3,734 m above sea level (asl). The lake is the source

of the Kumtor River—a Bolshoy (Large) Naryn tributary.

The lake is formed at the tongue of Petrov Glacier, behind

young moraine. According to the 1911 survey, it had an area

of 200–300,000 m3 [Erokhin (Chernomorets et al. 2012)].

Due to the climate, Petrov Glacier has been retreating

(starting 1869); this process accelerated in the 1980s

(15.1 m/year in 1869–1957, 24.8—in 1958–1980, 38.0—in

1981–1990, 43.3—in 1991–1999 and 61.4 m/year in

2000–2006, according to M. Cherny, B. Yansky, S.

Erokhin). By 2013 (as per the bathymetric survey on

25–27 July 2012) the volume of water in the lake had

reached 69 mln m3, having increased for 2009–2012 by

62,000 m3, or by c. 8.3 % of the total volume with an

insignificant (by c. 2 %) increase in the area of the lake,

which means it was due to ice melting and permafrost

degradation at the bottom in the bowl.

Petrov Lake is formed by a young moraine complex

(acting as a dam), made up of frost glacial, fluvial-glacial

and limno-glacial single-grained deposits with buried ice

blocks [S. Erokhin (Chernomorets et al. 2012)]. According

to lichenometry dating as of 1978 (Sevestyanov 1981), this

complex is c. 100 years old (according to (Serebryany and

Orlov 1988), it was formed in the period of 1900–1915). It is

located in the glacial deposition area of Kumtor syrts,

characterized by a finely dissected, knob-and-kettle topogra-

phy of the permafrost zone. The moraine surface is pecked

with thermokarst funnel-shaped sinkholes and saucer-

shaped depressions, which give it a honeycomb-like look

in photos and space images. During summer they are filled

with water (Fig. 2). The most prominent water body is

Goluboy zaliv (Blue Bay) (Fig. 3), practically connected to

the main lake. Its volume as of 2012 is c. 800,000 m3.

Thermokarst processes in the last decades have been

noticeably more active. This, along with the increase in the

water volume in the lake, increases the risk of an outburst

scenario with debris-flow formation.

Dendritic Petrov Glacier is up to 14 km in length

(Sevestyanov 1981), its tongue part (Fig. 4), according to

the radar sounding as of October, 2012 [D. Petrakov

(Chernomorets et al. 2012)], is afloat. With water depths as

low as c. 65 m at the forefront, the estimated area of the

Fig. 1 July 2012. Tailings pit. Discharge of pulp (sludge) from the

mineral separation plant at the Kumtor mine

Fig. 2 July 2012. Water-filled thermokarst funnel on the end-moraine

line (the latter being a natural dam of Petrov Lake)

Fig. 3 The area of the end-moraine line with Goluboy Zaliv (‘Blue
Bay’) and Petrov Lake [space image, extracted from Chernomorets

et al. (2012)]

732 E. Zaporozhchenko and A. Butenko



floating part is 0.04 km2, its estimated volume is 1,700,000 m3,

and the estimated volume of icebergs, breaking off the glacier

edge (Fig. 5), is as much as 330,000 m3. The collapse of an

iceberg c. 200,000 m3 in volume within the period of 10–30

July 2012 (according to the space imagery) did not lead to the

formation of a wave in the headwaters at the moraine dam,

located c. 800 m off from the break-away point, whereas,

according to the simulation in Kyrgyzstan Kumtor Mine

(2012), the wave height at the dam should have reached 3 m,

with a 6 m high wave splash!

The lake outflow (giving rise to the Kumtor River) is now

in an area at the north part of the moraine where surface

lowering has been taking place, according to S. Erokhin

(Chernomorets et al. 2012), in ‘the last 10–20 years’ (with
reference to 2012). Previously, for at least 70 years, it took a

more northern route (‘old’ channel), which is now dry. A

Tien Shan weather station (Fig. 6) recorded a discharge rate

of 66.2 m3/s on August, 2, 1943 on the Kumtor River,

whereas ‘the last 10–20 years’ in the existing channel

(Fig. 7) it has not exceeded 30 m3/s (25.7 m3/s on August,

21, 2012). The Kumtor Operating Company’s waterworks

have successfully managed such a discharge rate. Now the

‘dry’ source is separated from the lake with a barrier up to

2 m high.

The diversity of moraine materials—ice, frozen rocks of a

wide granulometric spectrum from sands to large chunks of

hard rock material, with possible presence of voids in the

section—complicates both the development of forecast out-

burst scenarios and the assessment of the resistance of the

natural dam, on average c. 30 m height, to the internal and/or

surface erosion. The physical and mechanical properties and

condition of the moraine complex section are exceptionally

Fig. 4 July 2012. At the front of Petrov glacier

Fig. 5 July 2012. Mini-iceberg on the lake

Fig. 6 Kumtor syrt. The Tien Shan weather station. 3,654 m asl. Not

operational since 1948. The building has been deformed by permafrost

degradation

Fig. 7 July 2012. Pulp line across the Kumtor River and a hydrometric

structure of the Kumtor Operating Company on the Kumtor River c.

4 km from the source
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problematical to determine. The preparer of “Pre-Design
Concepts” did not possess the latter data and performed the

work on the premise that:

– with no definite forecast of events, there is c. 70 mln.m3

of water, retained by the moraine permafrost complex,

which is degrading under the warming influence of the

water, above the outwash syrt on which a major hazard-

ous production facility—a tailings pit—is located;

– there is no alternative to artificial water-level drawdown;

– a phased drawdown must start as soon as possible.

The Institute considered 5 options of outflow routes

(Fig. 8) and five alternative designs of water spillways.

Section 1a The direction of release is along the ‘dry’ chan-
nel of the Kumtor River sources. It is separated from the lake

by a barrier up to 2 m high (with �0.7 m summer

fluctuations of lake water level).

Section 1b The direction is along the current channel of the

Kumtor River source. As with Section 1а, it is in the youn-

gest (northern) part of the moraine with high content of

buried ice (up to 50–70 %). As with Section 1а route, the

channel has a block and stone paving 3–5 m thick with a c.

0.5 m average block diameter. The estimated depth of the

suprapermafrost layer under the current channel is 2–4 m.

Judging by the long lifetime of the overflow path of the now

‘dry’ channel (Section 1a), the paving previously formed on

its bottom should be at least 3 m thick.

Section 2 The release is carried out through the thinnest

segment of the moraine complex (dam) and via Goluboy

Zaliv (the distance between the Kumtor river channel and

the Goluboy Zaliv shoreline is 265 m, the horizontal distance

from the shoreline to the outer slope—90 m). The moraine

crest below the Goluboy Zaliv level is 13.5 m high. To

achieve the lowering of the headwater level, the outfall

channel depth in the permafrost section with ice inclusions

should be >14 m.

Section 3 The release of water is carried out through

Goluboy Zaliv, with the flow directed over a wider portion

of the moraine (540 m rather than 265 m and 192 m rather

than 90 m, respectively, as compared with Section 2). The

maximum ‘crest/level’ height difference is 24 m. Excavation

of the youngest (third) moraine sub-complex, then the second

moraine sub-complex with a lower buried ice content

(10–30 %) through to fluvio-glacial deposits will be required.

Section 4 The release is carried out through the

downgrading part at the southern point of abutment of the

moraine complex and the bedrock—a weakly defined

ancient channel of the source of the Kumtor river. The

maximum difference between the current water level in

the lake and the highest point on the moraine surface in the

section is 27 m. The initial depth of the excavation will be

close to 30 m. It will penetrate heterochronous ice-

containing rocks.

In the process of data analysis of the engineering and

geological settings, taking into consideration the

volumetrics of implementing the drawdown, Section 2, 3

and 4 options were declined (deep excavations, construction

of high fills on steep outer slopes of moraine for operation of

construction machinery); additionally, Sections 2 and 3 were

also declined due to the risk of failure of the natural moraine

dam in its thinner part, where thermokarst processes are

most active.

Fig. 8 Orthophotomap from

GeoEye-1 space images taken as

of July, 29—August, 1, 2012

with considered section

options—Petrov Lake water

drawdown routes (Sections -1a,

1b, 2, 3 and 4)
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The recent (Section 1a) and the existing (Section 1b)

routes of natural water runoff from the lake were recognized

as more acceptable for considering structural options for the

water-drawdown task. The following conditions were

satisfied:

1. minimal impact on the engineering and geological

settings developed by 2013, determined by the heat

exchange between the Kumtor River source surface

waters, lake water masses and the rocks, composing the

moraine complex;

2. a phased water-level lowering in the lake (one phase each

summer runoff period);

3. release of water with a discharge rate below the maxi-

mum recorded rate in the functioning flow-through

structures within the infrastructure facilities of the Cus-

tomer (within 30 m3/s);

4. monitoring of the functioning of the outfall route, the

dynamics of processes, occurring in the lake and inside

the retaining moraine, from commencement of engineer-

ing works on drawdown;

5. the implementation of the drawdown against the back-

drop of a cut between Goluboy zaliv and the lake (equal-

ization of water planes between them);

6. preferability of spillways with contraction–expansion

joints, or those made as flexible units;

7. orientation towards the final lowering of the level by

15–20 m, which will make it possible to decrease the

lake area by more than times times, thus increasing the

base width of the natural retaining dam up to 1.8 km (it

was 500–600 m in 2013);

8. exclusion of blasting in the moraine dam body;

With that:

1. large structures like regulator sluices and backwater

structures [due to the danger and non-uniform deforma-

tion of foundations, subjected to thermokarst processes

(such as skewing of structures and perimeter filtration,

etc.)] are not expedient;

2. it is advisable to use high-definition space imagery for

monitoring the effectiveness of the drawdown engineer-

ing operations (yearly—upon completion of each phase

or before the commencement of the next phase);

3. in connection with the anticipated formation of separate

water bodies on the above-water surface of the moraine

complex (when the water level is lowered by c. 5 m),

barriers between them will have to be promptly cut.

As mentioned above, five options of design of surpassing

works were considered.

Option 1 As applicable to Section 1b. Cascade (Stepped

spillway). The longitudinal profile requires a minimum sur-

face cutting. The cross-section is a rectangular chute 8.0 m in

width and 2.0 m in height made of cast reinforced concrete

В25 F200 W6. The chute floor thickness is 0.3 m, the

thickness of walls is from 0.2 to 0.5 m. The steps are

connected by means of a 1.5 m wall of cast reinforced

concrete. To reduce the heat exchange between the water

and buried ice in the foundation, the chute is placed over a

5 cm thick plastic foam layer set on a 10 cm thick levelling

layer of sand. The backfilling is carried out using the native

soil with layer-by-layer compaction, leaving 0.5 m free

space to the top of the chute walls for a safe enclosure of

the inner part of the spillway. On both sides of the chute a

road 5 m wide is constructed for an unhindered vehicular

access to any point of the water spillway by service or

construction machinery. The entrance channel to the entry

of the chute is cone-shaped. The discharge capacity is

34 m3/s.

Option 2 As applicable to Section 1b. Cascade of gabion

structures. The longitudinal profile (Fig. 9) requires a mini-

mum surface cutting. The cross-section is a rectangular

chute 8.0 m in width and 2.0 m in height (Fig. 10). The

chute floor is covered with Reno mattresses 6 � 2 � 0.3 m,

the walls consist of 2 � 1 � 1 m gabions. The steps are

connected by means of holding gabions 2 � 1 � 1 m at

the beginning and at the end of each step. To reduce the

heat exchange between the water and buried ice in the

foundation, a plastic foam layer 5 cm thick is placed over a

levelling layer of sand 10 cm thick. A waterproofing con-

struction of a 2 mm thick geomembrane, sandwiched

between two layers of geotextiles, 400 g/m2 in density, to

prevent the geomembrane from being damaged, is placed

above the plastic foam. The geomembrane performs the

waterproofing function. The backfilling is carried out using

the native soil with layer-by-layer compaction. Unfilled

space to the top of the chute walls is the same as in Option

1. On both sides of the chute a road 5 m wide is constructed.

The entrance is cone-shaped. The discharge capacity is the

same (c. 34 m3/s).

Option 3 As applicable to Section 1a. Cascade of 3d

geowebs in the shape of a trapezoidal channel. The floor

width is 8.0 m, the depth—2.0 m, the side slope 1:2. GW20

geowebs (244 � 203 � 150) are installed onto the floor and

slopes to protect them from washout, the cells are filled with

cast reinforced concrete В15 F200 W6 (a composite system,

with tension strength and distributing capacity of a quasi-

homogeneous layer). Geowebs are fastened to the channel

slopes and floor with A-III class L-shaped reinforcement

anchors, 12 mm in diameter, with 1 m spacing. The steps

are connected by means of holding concrete blocks

2 � 1 � 1 m at the end of each step. To reduce the heat

exchange between the water and buried ice in the founda-

tion, the chute is placed on a plastic foam layer 5 cm thick set

Engineering Solutions for Elimination of the Risk of Destruction of Moraine 735



over a levelling layer of sand 10 cm thick. A road 5 m wide is

built on both sides of the chute. A cone-shaped entrance

should be constructed. The discharge capacity is the same

(c. 34 m3/s).

Option 4 As applicable to Section 4. Battery of 8 siphons of

round cross-section polyethylen pipes, 0.8 m in diameter.

The discharge capacity is 25 m3/s. The length of each siphon

is 150 m (at Phase 1). At the beginning and in the lower part

of pipes, gate valves are installed. An air evacuation valve is

fitted at the highest point. An air admittance valve is fitted

downstream the lower gate valve. The pipes are laid on a

sand cushion 15 cm thick and are surcharged at sides and on

top with native soil without large inclusions (diameter � 20

mm). To render the structures immune to vibration action

and to stabilize them as to prevent them from sliding down

the slope, the pipes are fastened to the foundation with a U-

bar #12 steel arch and ground anchors 5.5 m long, with 6 m

spacing. Rubble stone riprap (a prism 300 mm in diameter)

for the flow energy dissipation should be provided at the exit.

On both sides of the structure a 5 m wide road is constructed.

Option 5 As applicable to Section 4. Pumping station,

(Fig. 11) 13 � 42 m in plan, with inlet and outlet pipelines.

The building is a metal framework, clad in insulated

profiled-sheet. It is equipped with centrifugal type horizontal

pumps (9 units of D12500-24 incl. one standby unit).

Electric motor specification: АN2-17-48-12U4. Power:

1,000 kW. The pump specification, based on the rated

water transport requirement, is 25 m3/s (the maximum

recorded water discharge rate at the Kumtor river over the

last 15 years). The delivery rate of one pump is up to

3.47 m3/s. With regard to pump inlet capability, the suction

head will not exceed 2 m from the shaft centreline. There are

gate valves on the inlet pipe and flow meters on the outlet

pipe. There should be an overhead track crane with a load-

lifting capacity of 20 ton is in the equipment assembly/

disassembly building. Pipe weight: 19.8 ton. Electromotor

weight: 8.08 ton. The base under the pump is made of cast

reinforced concrete, grade В15 F200W6. The outlet pipeline

is a steel pipe 1.0 m in diameter, 150 m in length. Rubble

stone riprap (a prism 300 mm in diameter) for the flow

energy dissipation should be placed at the exit. Placement

location: at the same site as the currently operating pump,

administering to the requirements of the Kumtor mine.

To implement Options 1, 2 or 3 of spillways, the follow-

ing operating sequence and course of events (drawdown

regime) are suggested:

1. at the beginning of the first year (First Phase) winter

period, when natural runoff from the lake ceases, the

spillway is constructed from-bottom-to-upward, with a

crest, making it possible to decrease the water level by

Fig. 9 Longitudinal section: Option 2 structure of the spillway on section 1b—cascade gabion ladder

Fig. 10 Cross section of Option 2 spillway
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1.0 m (and thus reduce the current water volume in the

lake by c. 4 mln.m3);

2. the overflow from the lake starts in spring period; as the

spillway crest level will be 1 m below the natural level,

the overflow will start before the usual time, and though

the water inflow will be happening in the same regime as

before, the discharge will be taking place a longer period;

the peak runoff period will also be longer. If prior to such

engineering control measures the discharge with a flow

rate of 25 m3/s was achieved by the end of July or August

(as the lake water level rise of 1–1.2 m was required for

that), when such measures are put in place this situation

will presumably develop in early July already and the

ending of high waters will shift to a later date (with that,

the peak runoff rate of high waters will not increase: the

lake water volume will be reduced not due to an increase

of the runoff rate, but owing to the increase in the runoff

period);

3. as the surface runoff ceases, in winter period the upper

crest of the cascade is dismounted, keeping the geotextile,

geomembrane, and the foam plastic intact, if possible; the

foundation is then deepened for further construction and

the entrance channel to a lower crest is constructed, based

on the calculation that the channel will be c. 1 m lower

than the water level, established in the first phase period

(the amplitude of all consequent yearly lowerings is

reviewed and updated in accordance with attained level

of drawdowns);

4. the further phases are identical: the entrance channel to a

spillway crest will be deepened and lengthened; the

phases will be accompanied by measures for the stabili-

zation of the dam slopes (a failure may lead to the

blockage of the section) by way of cutting shelves

(benches) 4–5 m wide every 3–4 m in height;

5. ensuring a safe yield to meet the Kumtor mine’s needs

will call for relocations of the existing pumping station

(with every 2–2.5 m level drawdown);

An achieved drawdown by c. 15 m will lead to the

reduction of the lake water volume by c. 45–50 mln m3.

In view of the difficulty of forecasting the deformation

behaviour of the discharge route in the permafrost section

settings, it is expedient to have a reserved possibility to

temporarily redirect the runoff from Section 1b system into

Section 1a system (and/or vice versa).

For Option 4 the water drawdown regime will be as

follows:

• in summer period a siphon spillway is constructed with

the possible lowest placement of the spillway crest (pref-

erably at the same level as the water level in the lake).

The water release operation through siphons starts in

autumn, when the inflow to the lake recedes abruptly;

the inlet is lowered by 2 m into the water; the siphon is

prepared by evacuating air with gate valves closed; after

the air is evacuated, first the upper gate valve is opened

and, after it is filled with water to its full capacity, the

lower one, following which the water discharge takes

place; the number of simultaneously operating siphons

will have to be continuously determined; the water level

should not go above the maximally reduced level higher

than 20 cm, at which elevation the next siphon should

start operating; at the beginning of the winter season the

water drawdown should be stopped and the inlet section

of the siphon should be dismounted so as to prevent it

from being crushed by ice;

• in order to prepare for the next phase, the existing over-

flow crest of the lake is lowered in winter period to the

level of the previously performed drawdown;

• the top section of the siphon is dismounted and mounted

at a lower position; after the siphon is primed, the water is

discharged;

• conditions are prepared for the next phase; each consecu-

tive water release phase presupposes the deepening of the

existing overflow crest at the source of the Kumtor river

in winter period down to the level of water in the lake; the

deepened part of the crest should be protected from scour,

as maximum water discharges will have to pass the river

channel before the spillway starts operating.

The water drawdown regime for Option 5 is presumed as

follows:

• a pumping station is constructed with inlet (intake) and

outlet pipelines;

• the water level in the lake is drawdowned approximately

by 1 m and is maintained at this elevation during the year

with the help of a required number of pumps in operation;

Fig. 11 July 2012. Water intake of technical and potable water by

Kumtor Operating Company near the southern shore of Petrov lake
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Table 1 Structural and technical advantages and disadvantages of suggested options

Option Section Design features Pros Cons

1 1b Stepped spillway.

Cast reinforced concrete.

Minimal earth work volume—an

important factor as work will happen in

winter; reinforcement cages are

assembled indoors in a warm period;

units are erected during construction

Concreting is carried out in winter,

additional cost for concrete heating,

high probability of faults; stiffness of

the structure, a large number of

contraction-expansion joints, it is hard

to forecast in what manner the

foundation-to-structure deformation

will develop during runoff release

2 1b Stepped spillway.

Gabion units

Flexibility of structures, resistance to

foundation deformations (precipitation,

soil heaving, etc.); structure fits well

into environment (close to natural

paving)

Manual work in winter; increased

volume of soil works

3 1a Stepped spillway.

3-D geowebs

Low labour content; possibility of pre-

construction work in summer period in

dry channel

Concreting is carried out in winter,

additional cost for concrete heating,

high probability of faults

4 4 Battery of eight siphons (PE pipes

0.8 m in diameter)

Construction in summer Siphon spillways designed for

automatic water level control to

maintain waterline at prescribed level.

Not designed for permanent water level

control; tilting of structure and

foundation deformation are

inadmissable, reliable operation is

ensured by presence and deliverability

of equipment for air evacuation.

Permanent presence of service

personnel required; large volume of

soil work; incut into the moraine dam

up to the waterline is required, which is

highly dangerous; for securing the

pipes to the moraine, ground anchors

are required; vibrational impacts during

work may result in loss of the moraine

complex; No practical possibility to

dismantle plastic pipes without

defecting the latter; each phase will

require new pipes in lieu of dismantled

pipes (or switching to steel pipes); with

each phase, following the lowering of

the waterline in the lake, increasingly

longer pipe columns have to be laid on

soft soil surface, only previously freed

from water; implementation of the

siphons option is impossible without

lowering of overflow crest and scour

protection work (rise in cost by USD

10–12 mln)

5 4 Pumping station, 13 � 42 m in

plan, with inlet and outlet pipes.

Equipped with centrifugal

horizontal pumps D12500-24 (9

units)

Possibility for construction in summer higher cost (by 9–13 times as compared

to other options); requirement for large

amounts of electric power, construction

of transformer house near [pumping

station] building; vibrational impacts

and thermal effects, which may result

in loss of the moraine complex;

implementation of this design is

impossible without lowering of

overflow crest and protection against

scour (rise in cost by USD 10–12 mln)
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• the formed overflow crest at the source of the Kumtor

river is lowered to the drawdowned level, the deepened

part of the crest is protected from scour.

• the pumping station is relocated (Fig. 11) onto a nearby

site and is placed 1 m lower than the previous location

(the lowering is adjusted based on the previous phase

results); the first phase of 1 m drawdown and relocation

of the pumping station will take about 1 year;

• further the consequent drawdown phases are carried out

in a similar fashion.

The costs of building and installation works for the

15-phases options are as follows (estimations are in US

Dollars):

Option 1—10.4 mln., Option 2—15.2 mln.; Option 3—13.0

mln., Option 4—11.8 mln.; Option 5—131.9 mln.

Structural and technical advantages and disadvantages of

suggested options are given in Table 1.

Option 2—gabion spillway on Section 1b (the current

Kumtor river source) route was recommended for construc-

tion as it is characterized by the lowest technological and

ecological risks (Fig. 12).

Field studies of the situation developing at the site and in

adjacent areas from commencement of planned drawdown

works as well as an instrumental and visual monitoring

program (with its makeup outlined) with methodological

recommendations along with an emergency plan procedure

for the personnel should indispensably be included in Design

Documentation.
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Introduction: Risk Reduction Strategy

Farrokh Nadim

Abstract

Active and passive measures for reducing the risk associated with landslides are an

important part of a successful landslide risk management strategy at local, regional and

national levels. The papers in this session outline various strategies for landslide risk

reduction. The majority of the papers focus on non-structural measures for landslide risk

reduction, in particular community preparedness, public awareness campaigns and active

application of land use plans. This is in line with the latest trends in risk management for

natural hazards, and demonstrates that importance of involving the affected population and

other stakeholders in the decision-making process for risk reduction.

Keywords
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Introduction

During the past decade, disasters caused by natural hazards

were responsible for nearly one million fatalities, affecting

nearly 2.5 billion people across the globe. In 2010 alone,

295,000 fatalities were recorded by the re-insurance

company Munich Re (2011) and the overall economic losses

were more than double those of 2009 for approximately the

same number of catastrophic events.

Among the natural hazard driven by geological processes

(geohazards), landslides are the most frequent one. They

represent a major threat to human life, property and

constructed facilities, infrastructure and natural environment

in most mountainous and hilly regions of the world. In many

places, the frequency and severity of landslide events seem

to be rising. Some of the reasons for the increase, such as

increasing population density and more infrastructure in

landslide-prone areas, are obvious; others less so. However,

there is no doubt that many lives could have been saved if

more had been known about the risks associated with

landslides and if the risks had been managed better.

Landslide Risk Mitigation: An Important Tool
for Landslide Risk Management

Landslide risk management broadly refers to coordinated

activities to assess, direct and control the risk posed by

various types of gravity mass flows and landslides to the

society. It integrates the recognition and assessment of risk

with the development of appropriate strategies for its

mitigation. The risk management process is a systematic

application of management policies, procedures and

practices to the tasks of communicating, consulting,

establishing the context, identifying, analyzing, evaluating,

monitoring and implementing risk mitigation measures.

Obviously active and passive risk mitigation measures are

an important component of a successful risk management

strategy.

An important aspect of risk management is the need to

recognise that risk can rarely be eliminated completely.
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However, it could be reduced below what is acceptable to the

society through risk mitigation. Risk acceptability depends

on several factors such as voluntary vs. involuntary

situation, controllability vs. uncontrollability, familiarity

vs. unfamiliarity, short/long-term effects, existence of

alternatives, type and nature of consequences, gained benefits,

media coverage, availability of information, personal involve-

ment, memory, and level of trust in regulatory bodies.

The strategies for the mitigation of risks associated with

landslides can broadly be classified in six categories:

1) land use plans,

2) enforcement of building codes and good construction

practice,

3) early warning systems,

4) community preparedness and public awareness campaigns,

5) measures to pool and transfer the risks, and

6) construction of physical protection barriers.

The first five strategies are referred to as non-structural

measures. These aim to reduce the consequences of

landslides by reducing the vulnerability and exposure of

the elements at risk. The last strategy comprises active

intervention and engineering works, which aim to reduce

the frequency and severity of landslides.

Landslide Risk Mitigation in Developing
Countries

On a national scale, with regards to reducing the landslide

risk in developing countries, one can observe a positive trend

internationally. Preventive measures are increasingly

recognized, both on the government level and among

international donors. There is, however, a great need for

intensified efforts, because the risk associated with all

types of geohazards seem to be increasing far more rapidly

than the efforts made to reduce this risk.

Three key pillars for the reduction in risk associated with

natural hazards in developing countries are suggested:

1. identifying and mapping the high-risk areas, and

quantifying the hazard and the risk,

2. implementing structural and non-structural risk mitiga-

tion measures, including early warning systems, and

3. strengthening the national coping capacity.

Most of the developing countries lack sufficient coping

capacity to address a wide range of hazards. International

cooperation and support are therefore highly desirable.

Over the last decade, a number of countries have been

supportive with technical resources and financial means to

assist developing countries where the risk associated with

natural hazards is high. A key challenge with all projects

from the donor countries is to secure that they are need-

based, sustainable and well anchored in the countries’ own
development plans. Another challenge is coordination,

which often has proven to be difficult because the agencies

generally have different policies and the implementation

periods of various projects do not overlap. A subject which

is gaining more and more attention is the need to secure

100 % ownership of the project in the country receiving

assistance.

The capacity building initiatives should focus on

institutions dealing with disaster risks and disaster situations

in the following four policy fields:

• Risk assessment and communication, i.e. the identifica-

tion, evaluation and possibly quantification of the hazards

affecting the country and their potential consequences,

and exchange of information with and awareness raising

among stakeholders and the general public;

• Risk mitigation, i.e. laws, rules and interventions to

reduce exposure and vulnerability to hazards;

• Disaster preparedness, warning and response, i.e.

procedures to help exposed persons, communities and

organizations be prepared to the occurrence of a hazard;

when hazard occurs, alert and rescue activities aimed at

mitigating its immediate impact;

• Recovery enhancement, i.e. support to disaster-stricken

populations and areas in order to mitigate the long-term

impact of disasters.

In each of these fields, institutions can operate at local,

regional, national or international levels.

Papers Presented in Session B8

The papers in this session outline various strategies for

landslide risk reduction. Interestingly, the majority of the

papers focus on non-structural measures for landslide risk

reduction, in particular community preparedness, public

awareness campaigns and active application of land use

plans. This is in line with the latest trends in risk manage-

ment for natural hazards, and demonstrates that importance

of involving the affected population and other stakeholders

in the decision-making process for risk reduction.
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Place-Conscious Education for Disaster Prevention
in Risk-Prone Areas of Sao Paulo

Erica Akemi Goto and Jefferson de Lima Picanço

Abstract

This paper outlines the importance of the use of place-conscious pedagogy in non formal

education courses developed to prevent accidents and disasters in hydrological at-risk areas. In

the city of São Paulo, according to the Risk AreaMapping made by the “Instituto de Pesquisas
Tecnológicas—IPT” (Technological Research Institute) together with São Paulo’s City Hall,

São Paulo has many at-risk areas, but the major part of them are in the city’s suburb areas.

With the intention of working with non structural measures, the City Hall of São Paulo offered,

during 2012 and 2013, some non formal education courses for inhabitants, technicians, and

people concerned with the subject. The courses were given in many places in the city with

three different focuses: “Risk Perception”, “Urban and Environmental Risk: a Prevention

Approach” and “Capacity for Mapping at-Risk Areas”. Those courses used the place-

conscious pedagogy by presenting the physical and social problems of the local environment,

and, also, through the intention of creating in the local inhabitants attitudes that could

contribute in a social and environmental mode to the community where they live. The

place-conscious’ notion is an important instrument to be used in those kinds of courses.

Only with an enlarge knowledge of the place where they live, those at-risk area inhabitants

can integrate and participate of public politics helping to chose decisions which can contribute

to decrease the inhabitants vulnerability.

Keywords

Place-conscious education � Risk areas � São Paulo � Non formal education

courses � Disasters

Introduction

The city of São Paulo, as well as other cities around the

world, has many singularities, which are intrinsic to the

city’s formation. Each city’s community also has its

singularities based on cultural influences and local environ-

mental aspects.

After the 1960s, São Paulo has seen its number of

inhabitants increase, receiving people from the whole

country, especially from rural areas (Maricato 2008). How-

ever, the city didn’t have enough houses and infrastructure to
receive those new inhabitants, resulting in inappropriate

occupied areas, such as slopes and dales, without any basic

infrastructure, like proper sanitation, safe water supply and
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running water, electricity and sewage network. These

inappropriate occupied areas also lack basic public services,

such as public transportation, schools and hospitals

(Maricato 2008).

Besides that, many individuals have started to build their

own houses by themselves in an unprepared manner, as can

be seen in Figs. 1 and 2. These houses are built with

precarious materials on cutting slopes and/or over earth

backfills.

This urbanization process resulted in many people living

in hydrological at-risk areas. According to the Risk Area

Mapping mentioned earlier, there are 1.179 landslide and

river bank washout risk sections, each section having a

variable number of houses.

Figure 3 is a map that shows the at-risk areas’ number and

its geographic distribution in Sao Paulo’s city districts

(in Portuguese “subprefeituras”). The orange districts have

more than 20 at-risk areas; the yellow ones from 11 to 20; the

light pink ones between 1 and 10; and the white ones have no

at-risk areas. From the figure it can be inferred that the

peripheral districts are the places with the highest number

of at-risk areas.

Because of Brazilian public policies, it is well known,

that it’s practically impossible to relocate every at-risk areas’
families. For this reason, measures that help these families

live better adjusted to this reality are of utmost importance

and therefore have to be taken.

There are two types of measures, the structural ones and

the non structural ones. While structural measures can be

engineering constructions, non structural ones can be at-risk

area mapping, non formal courses, risk management and

prevention plans.

This paper outlines one type of non structural measure

that has an educational purpose: the non formal courses.

Additionally, it will be discussed the importance of using

place-conscious pedagogy when developing these types of

courses. Not only the various risk sectors similarities, but

also its singularities should comprise the course’s content.

For instance, the Parque Vila Santa Madalena community

suffers with slides caused by the garbage thrown out in the

slope. This topic is for this community vital and should be

incorporated in the course as well, so its inhabitants can

understand the reasons behind the slides formation and

how to deal with this issue.

According to Gruenewald (2003a, b), the place-conscious

pedagogy is a fundamental tool, which can help people

develop positive attitudes toward social and environmental

welfare in the place where they live. Through a multidisci-

plinary place analysis, it’s possible to realize the difference

forms in which the place is deeply pedagogical, and how the

individuals as persons who live in some places have their

identities and possibilities shaped by the local particularities.

The culture and place are closely-related (Gruenewald

2003a, b).

Non Formal Courses Developed to Prevent
Accidents and Disasters in Hydrological At-Risk
Areas Offered by São Paulo’s City Hall

During 2012 and 2013, the city hall offered three types

of non formal courses developed to prevent accidents and

disasters in hydrological at-risk areas: “Risk Perception”,
“Capacity for Mapping at-Risk Areas” and “Environmental

and Urban Risks: a Prevention Approach”. These three

courses have different class loads and were developed for a

distinct public.

To discuss the importance of place-conscious pedagogy,

it will be used some examples of the “Risk Perception”

Fig. 1 Taken in a slum in São Paulo Metropolitan Area, the photo

shows the shabby materials used at the constructions, such as wood

pieces. Moreover, there are lots of garbage thrown away in the slope

(Source: Erica Akemi Goto 2011)

Fig. 2 In this photo, there are many drainpipes installed by the

inhabitants themselves. These pipes throw away waste water in the

slope (Source: Erica Akemi Goto 2011)
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course. This course was planned by São Paulo’s city hall

technicians for about thirty individuals per course.

The “Risk Perception” courses were given during 2012,

when the mayor was a PSD member. Because of political

shifts in 2013—the new elected mayor belongs to

another political party, the PT—the course was interrupted.

Unfortunately in Brazil, when there is a shift in power,

public policies are usually discontinued. In this case, that is

exactly what happened.

During 2012 ten courses were developed and given in ten

distinct districts. There were five courses in the East Section,

two in the South Section, and three in the North Section of the

city. The majority of the courses were given in the city’s East
Section, due to the fact that employees working in a district in

this city section were the ones who developed the content of

the course. First of all, the courses were given in some East

Section districts. Because of its success, the course methodol-

ogy was afterwards applied in other districts.

The courses where thought and developed especially to

increase the hydrological perception of the people who live

and city hall’s technicians who work in these areas.

The “Risk Perception” courses were given during two half
days in a row. The first day was an indoor theory class, and the

second an outdoor practical class. Concepts related to risks—

risk perception, vulnerability and disaster—were presented

and hydrological issues of local communities were brought

to class on the first day. The second day was dedicated to a

practical outdoor activity in the same district the course was

given. The class was able to see and discuss “in loco” the

issues presented on the 1st day.

Place-Conscious Pedagogy and the Courses
Developed to Prevent Accidents and Disasters
in Hydrological at-risk Areas in São Paulo

It is supported that the place-conscious pedagogy should be

used in non formal courses developed to prevent accidents

and disasters in hydrological areas. These courses should be

given to inhabitants of these areas and technicians that work

in these places.

The importance of these courses is seen, when students

are able to apply the knowledge in the place where they live

and/or work. This place should have a real importance for

them, as it is a part of their everyday life. Although São

Fig. 3 Sao Paulo’s city map,

divided by districts. Orange areas
represent the districts with more

than 20 at-risk areas; dark yellow
districts represent the districts

with 11–20 at-risk areas; light
pink districts have <10 at-risk

areas; white districts have no at-

risk areas
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Paulo is only one city, because of it’s huge geographic

extension and culture diversity, there are a great number of

communities, each with its own traits. Some communities

have just been created, while others have its origin tracked

back to São Paulo’s formation. On the one hand, there are

communities, whose houses were constructed mainly with

wood and no basic infrastructure. On the other hand, there

are communities mainly with houses made of bricks and

basic infrastructure. That is why the place conscious

pedagogy is well suited to a city like São Paulo as well as

others.

To develop a good local risk management, it is important to

know the community’s history and culture, as well as the

area’s geographic aspects and the history of natural hazard

occurrences there. One of the purposes of these courses, other

then helping to develop the risk perception, is to aid the

community in planning and developing a hydrological risk

management. Through this management, accidents and

disasters related with hydrological hazards can be avoided.

The place-conscious pedagogy is fundamental to help develop

these courses and to help with the hydrological risk

management.

To better understand the communities’ issues and better

structure the courses in those places, it is important to

conduct a local investigation and make a diagnosis. For

example, chatting with locals, leaders and institutions’
representatives should not be disregarded, since they are

also part of the community’s history and local culture.

Looking for previous reports about natural hazards in the

community can also help to understand what the community

has undergone.

So, before starting planning the courses, it is important

to know well the place where the courses will be held, and

explore the local particularities. Even thought the

“Perception Risk” courses didn’t occur in the community

where they were given, the city hall technicians responsible

for the courses tried to approach the local risk problems,

using the risk areas mapping made by the IPT (2010) and

visiting risk areas before the activities to prepare the

courses’ activities.
At Vila Prudente-Sapopema District, they have a commu-

nity named Parque Vila Santa Madalena. The place has lots

of problems of planar slide, especially because of the

garbage thrown out in the slope by local inhabitants, as it

can be seen in Fig. 4. In this district, one of the main

course discussions was about this type of problem. Another

example would be the course taught at Aricanduva-Vila

Formosa District. There is an area there, where flood and

river washout problems are usual and frequent. During the

course there, those issues were important topics. In Fig. 5, it

is possible to see the course’s outdoor activity.
Using the place-conscious pedagogy in these courses,

students feel involved, since the course discusses things

that are part of their everyday life and are important to them.

Conclusion

Considering the Brazilian reality, where some many

people live in hydrological at-risk areas, it is important

that they learn to cope with the everyday risk. It is

believed that these courses have a fundamental role and

using the place-conscious pedagogy is essential.

However, one major problem is that there are so

many districts in São Paulo, and they are considerably

extensive, comprehending many different kinds of hydro-

logical risks. As it is known, hydrological risks be really

different from each other. Besides that, the local culture

of a community can be far different from another one in

Fig. 4 The photo shows the amount of garbage thrown out in the slope

(Source: Erica Akemi Goto 2013)

Fig. 5 It’s possible to notice in the photo the house near the river

margin. The latter has been washed away (Source: Erica Akemi Goto

2012)
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the same district. For example, in Vila Prudente District,

the problem related to the thrown out garbage in the slope

can be seen at Parque Vila Santa Madalena’s Community,

but not necessarily in other communities of the same

district. Others types of problems like river margin wash-

out are not a part of Parque Vila Santa Madalena’s
Community reality.

So, it’s understood that those courses use just in part

place-conscious pedagogy. It is important that more

courses are held in the community itself, where the

hydrological risk is present, and not just in the district

where these communities are located. A district can have

more than twenty risk areas, that are different among

them. With more courses, it would be possible to explore

local issues better, as well as the particularities of each

community, resulting in courses that make more sense for

the inhabitants.
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Landslide Community Mapping and Public
Awareness in the Region of Chichonal Volcano,
Chiapas, Mexico

Guadalupe Hernández-Moreno, Ricardo J. Garnica-Peña,
and Irasema Alcántara-Ayala

Abstract

The Chichonal is an active volcano situated in the North of Chiapas State, in the Southeast

of Mexico; 60 km to the Southeast of Villahermosa, State of Tabasco and 70 km to the

Northeast of Tuxtla Gutierrez, the capital of the State of Chiapas. The region comprises

important areas of eight municipalities, some of them still inhabited by Zoque indigenous

population.

The last eruption of Chichonal volcano occurred in 1982. Non-consolidated volcanic

deposits derived from this period of activity are very susceptible to the occurrence of

landslides. Landsliding frequently takes place during the rainy season (April–October) and

also are associated with floods, although high seismicity is common in the region. What is

more, lithological units such as sandstones, lutites and limestones are susceptible to

landsliding too.

By means of participatory cartography, and based on the communities experience,

residents of the municipalities situated around the Chichonal volcano developed different

general landslide hazards maps. Additionally, a landslide susceptibility map was generated

by means of weights of evidence using GIS. The later, considered physical variables

including geological and geomorphological features.

According to the produced map, the eastern sector is the most susceptible area for

landslides since slopes are high and there is a presence of ancient landslides on limestones

and lutites. In the western area, there are also some strips of landslide susceptibility on high

slopes formed by sandstones and lutites. Moreover, in this same area, potential lahars can

also take place along the gullies on the Chichonal volcanic edifice.

In this paper, we present the experiences of landslide community mapping in the region

of Chichonal volcano that took place within the context of a series of workshops that were

organised in order to raise landslides public awareness.

Keywords

Mass movements � Community mapping � Chichonal volcano � Zoque indigenous

population

Introduction

The Chichonal is the youngest of the Quaternary volcanoes

forming the Chiapanecan Volcanic Arc (Fig. 1). Volcanism

of Chichonal seems to be associated with the subduction of

the Cocos plate under the North American plate. Recent

studies have shown that El Chichonal volcano has produced
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Circuito Exterior s/n., Ciudad Universitaria, México, D.F
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between eleven and sixteen eruptions during the past (De la

Cruz-Reyna and Martin del Pozzo 2009; Tilling 2009).

The last eruption of Chichonal volcano took place in

1982. In just a week three eruptive episodes with Volcanic

Explosion Index (VEI) of five occurred, causing one of the

major disasters related to volcanic activity in Mexico

(Tilling 2009).

Non-consolidated volcanic deposits derived from this

period of activity are very susceptible to the occurrence of

landslides. In this region, therefore, landsliding frequently

takes place during the rainy season (April–October), as lose

materials are widely extended.

The Chichonal volcano region comprises important areas

of eight municipalities, some of them still inhabited by

Zoque indigenous population (Fig. 2). Social conditions in

this area are not by any means of good living standards;

74 localities are characterized by high levels of marginaliza-

tion, analphabetism and poverty.

Participatory Mapping

According to Ramı́rez-Villarreal (2007), social cartography

is a tool that involves a participatory process that is able to

influence specific aspects of the territory. For FIDA (2009),

participatory mapping (also called social cartography

or community mapping) has been created by local

communities, who have the support of organizations and

sometimes public authorities.

Participatory mapping focuses on providing the tools and

technical knowledge, so that community members can create

their own maps which represent the knowledge that they

have about where they live (FIDA 2009).

Community mapping offers the possible that a commu-

nity could increase its particular abilities to improve quality

of life (FCPV 2002). Given the above, participatory maps

play an important role to support marginalized groups, such

as indigenous communities, in the struggle for recognition

and respect of their land (FIDA 2009).

In this sense, the construction of maps by resident popu-

lation becomes a very important tool to know in a better way

the characteristics of that environment. Greater impact may

arise when these maps can be focused on priority topics,

including disaster risk. A risk map developed by a commu-

nity through a participatory approach, can be expressed as a

graph, sketch or model, on which areas of the community

that are likely to be affected by the impact occurred a natural

phenomenon, like a flood, earthquake, landslides or volcanic

eruption (homes or infrastructure) can be identified.

Symbols, pictures and colors can be used to identify particu-

lar locations that may serve as reference, to indicate specific

levels of risk (high, medium, low, none).

A risk map should include hazard and the vulnerability;

the former can be understood as “. . . the phenomenon,

substance, human activity or dangerous condition that can

result in death, injury or other health impacts, also property

damage, loss of livelihoods and services, social disruption

and economic, or environmental damage. . .” (UNISDR

2009), whereas vulnerability can be defined as the

“physical predisposition, economic, political or social

that has a community to be affected or damaged if a

destabilizing phenomenon natural or human is manifested”
(Cardona 2001). Thus, risk is defined as the combination of

the probability of occurrence of an event and its negative

consequence (UNISDR 2009), that results from the

combination of hazards and vulnerability of exposed

communities.

Methodology

The methodology involved two main steps. The first one

involved the generation of a landslide susceptibility map

based on weights of evidence using GIS. Physical variables

including geological and geomorphological features were

considered for the development of that map.

In order to carry out social cartography, it was necessary

to produce in advance the susceptibility map. That allowed a

general knowledge of the areas likely to be affected by

landslides (Fig. 3), so that efforts could be centered on

specific areas. A series of participatory workshops in schools

of basic education were organized in the Chapultenango

town.

Susceptibility Map

The landslide susceptibility map was generated by taking

into account three factors: geology, geomorphology and

slope values. Specific weights were given by experts to

each variable. Slopes were reclassified into five ranges.

Fig. 1 El Chichonal volcano, Chiapas, Mexico
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Each of them was assigned a weight according to its signifi-

cance to landslide susceptibility. Slopes greater than 32�

were considered as the most likely to fail (very high),

whereas those of 28–32� as high, between 18–21� were

moderate, 21–15� as low, and those with less 15�, very low.

Concerning lithological units, the highest susceptibility

value (very high) corresponded to lutites, sandstones and

pyroclastic flow deposits; massive limestones and

sandstones were considered as high, pumicites as moderate,

and the low value were andesitic and alluvial deposits.

Additionally, a geomorphology map was used to identify

potential unstable features. Areas with highest probability of

landslide occurrence included landslide scarps, erosion

cirques, former debris flows paths, and landslides deposits.

Lahar terraces, collapsed slopes, scarps and limestone

anticlines were considered as areas of high susceptibility.

Colluvial deposits of different origin corresponded to mod-

erate level, whereas the units with lower susceptibility were

the areas and lower slope associated with floodplains and

riverbeds (Alcántara-Ayala et al. 2013).

Community Mapping

The participatory workshops were carried out at a secondary

school in municipality of Chapultenango. General talks on

hazard, vulnerability, and risk concepts applied to local risk

conditions were first of all given to the school community.

It comprised topics on volcanic activity, flooding and

landsliding.

Personnel from the local Civil Protection Unit joint the

community mapping exercise and together with 65 students

from third grade formed groups (Fig. 4). Interaction and

feedback among participants was enhanced and was field

observations and previous experiences and knowledge were

used to produce different risk maps.

Results

According to the produced susceptibility map (Fig. 5), the

eastern sector of the area of interest is the most predisposed

area for landslides to occur; slope gradients are high and

there is a presence of ancient landslides on limestones and

lutites. In the western area, there are also some strips of

landslide susceptibility on steep slopes formed by

sandstones and lutites. Moreover, in this same area, potential

lahars can also take place along the gullies on the Chichonal

volcanic edifice.

Resulting from the community mapping workshop also

three main areas of risk were identified. The first, no doubt,

was the volcano Chichonal, which according to students, is

an active volcano that may cause a lot of damage should it

erupts. The second was located north of the area of study

Fig. 2 Study area
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Fig. 4 Cummunity mapping in Chapultenango town, Chiapas

Fig. 3 Landsliding in the area of Chichonal volcano
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where many problems of slope instability are taking place

because of the recent construction of roads that allow com-

munication between small towns of the Chichonal region.

The third area in which they all agreed, was an area that was

flooded during the rainy season and interrupts communica-

tion between Chapultenango and Pichucalco, the nearest

town (Fig. 6).

Conclusions

Participatory mapping is a useful tool for understanding -

from the point of view of the inhabitants- the risks to which

a population is exposed to. Moreover, participatory

workshops can be regarded as a significant means to raise

public risk awareness. However, it is also necessary to go a

step further in terms of establishing particular strategies for

disaster prevention on which population play a significant

role in order to support capacity building at local level.

Fig. 5 Landslides susceptibility map in the area of the volcano El Chichonal 2010 (Source: Alcántara-Ayala et al. 2013)

Fig. 6 Community mapping by students of Chapultenango village
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Community-Based Rainfall Observation for
Landslide Monitoring in Western Nepal

Yuwan Malakar

Abstract

This paper discusses community-based approach applied for observing rainfall to monitor

landslide probability in Bhanu village development committee (VDC), Tanahun District,

Nepal. Vulnerable communities were supported with geological study to make them under-

stand the causes of landslides. Participatory assessment was conducted to acquire information

and perceptions regarding their risks, vulnerabilities, and capacity. Participatory assessment

revealed that communities perceive rainfall as a major triggering factor for landslide. Litera-

ture were reviewed to reckon rainfall-based landslide probability. Historical landslide events

were correlated with rainfall data to scrutinize the relationship between rainfall and landslides.

Two types of rainfall measuring systems, automatic and manual, were installed in the

community for rainfall observation. Both short duration-high intensity and long duration-

low intensity rainfall can trigger landslide probability. Therefore, communities aremonitoring

rainfall for two periods: 1-h rainfall and 24-h rainfall. Based on the literature review, past

landslides events and rainfall data, communities made agreement for disseminating alert

message when rainfall amount surpasses either 50 mm in 1 h or 200 mm in 24 h. The rainfall

data of two monsoons (2012 and 2013) showed that the rainfall amount never reached to

the identified limits. Nonetheless, communities were alert and in frequent communications

with rainfall monitor during the monsoon. This case study of Bhanu VDC concludes that

localized rainfall observation by communities is not only important for exploring rainfall-

based empirical thresholds for landslide probability but also to assess, analyse, and act to

reduce the risk associated with landslide. This approach reckons the benefit that communities

are empowered and self-reliant to take their own decisions. Support on scientific knowledge,

however, could be the limitation after the withdrawal of external facilitation.

Keywords

Community-based � Landslide � Rainfall observation � Capacity building � Community

approach � Nepal

Introduction

The importance of involving vulnerable people in managing

their own disaster risks is been highly discussed among

disaster risk reduction actors and academia. Disaster is no

more viewed as isolated event rather a cross cutting element

in all development sectors. Disaster management is now

more development oriented (Bollin and Hidajat 2006).

Communities have knowledge about their own risks and
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have experiences of coping to disasters. Community-based

disaster management (CBDM) approaches emphasize role

of community in formulating risk reduction strategies. This

paper contributes towards the importance of community-

based approaches to disaster management. Present study

exemplifies a community initiative taken to monitor land-

slide by observing localized rainfall in western Nepal.

Nepal possesses rugged topography, high relief, and vari-

able climatic conditions (Hasegawa et al. 2009; Pokhrel

et al. 2009). This kind of topography is prone to landslides

(Hasegawa et al. 2009). It is estimated that the landslides in

the Himalayan region cause annual economic loss that

exceeds one billion US dollars including hundreds of

human deaths (Dahal and Hasegawa 2008). According to

official statistics, landslides kill more than 100 persons per

year in Nepal in an average (MOHA 2009).

This community-based initiative was implemented in

Bhanu Village Development Committee (VDC), Tanahun

District of Nepal by Practical Action, a UK based charity

organisation, with co-funding from European Commission

Humanitarian Aid and Civil Protection (ECHO) under its

Disaster Preparedness funding instrument for South Asia.

Project Location

Bhanu VDC is situated in the Southern and Northern slope

of Mahabharat Range (also known as Middle hills) in the

Western Development Region of Nepal (Fig. 1). The project

site covered 3 communities of 2, 3, and 4 wards of the VDC.

They are Khatithok, Ramgha and Dandagaun (Table 1).

Shallow landslides are most common in this range

(Sudmeier-Rieux et al. 2011). Middle hills are formed by

granite, schist and limestone (Pokhrel et al. 2009). The

geology of the project site consists of low-medium-grade

metamorphic rocks of the Lesser Himalaya. The Lesser

Himalayan rocks consist of phyllites, slates, quartzes, lime-

stone, and dolomites.

A geological assessment of the project site was carried

out with the help of Department of Soil Conservation and

Watershed Management (DSCWM), Government of Nepal

(GON). Their findings were discussed with communities

with a motive to raise awareness of their risks and

vulnerabilities. Three types of soils are found in the project

sites: alluvial, colluvial, and residual. Alluvial soil is

observed along the boundary of the Bhanu VDC. The VDC

is covered by colluvial soil, which is thicker near the

foothills and thinner on the upper slopes. Residual soil is

observed along with colluvial soils. They are red to light

brown in colour and are derived mainly from phyllites.

The characteristics of all the soil types are loose and

unconsolidated. These soils have poor cohesion. They are

easily permeable, and highly susceptible for landslide. This

information was very much pivotal for communities to

understand the causes of landslides in their vicinity.

Vulnerability Assessment

Participatory approach was applied to acquire information and

perceptions regarding the risks, vulnerabilities, and capacity

of the communities. Participatory approach empowers

communities to discover their own means of solving their

difficulties (Aalst et al. 2008). A participatory approach

helps communities to reflect on necessity and direction of

changes in their situation (Kumar 2002) by awakening devel-

opment potential (Dovie 2003). Participatory assessment

serves a basis for community based disaster management

where community lead, coordinate, and execute the risk man-

agement initiatives.

Participatory tools like historical hazards timeline, social

and vulnerability map, cause and effect analysis, pair wise

ranking, and venn diagram were applied (Action Aid Inter-

national 2005; IFRC 1999). Landslide was identified as top

most ranked hazard for all the communities. Participatory

assessment revealed the high trend of migration towards

peri-urban area. Landslide was one of the resaons for

Fig. 1 Map of Nepal showing Tanahun District and Bhanu VDC

Table 1 Features of project communities

Features Description

Village location Khatithok—N 28�02022.600 E 084�24047.000

Ramgha—N 28�02031.100 E 084�23043.100

Dandagaun—N 28�02046.500 E 084�23040.400

Population Khatithok—439

Ramgha—200

Dandagaun—155 (total 794)

Elevation Khatithok—819 m above sea level (masl)

Ramgha—845 masl

Dandagaun—646 masl
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migration. Majority of families rely on agriculture as a

livelihood option. Employment to Gulf Countries and India

is another good source of income.

Social and vulnerability map provided the picture of

landslide vulnerable houses, comparatively safe havens,

and safer evacuation routes. Community knowledge is

vital to make an understanding of localized landslides

(Holcombe and Anderson 2010). 7 houses in Khatithok, 7

houses in Ramgha, and 3 houses in Dandagaun were

identified as most risky houses prone to landslide. The

cracks on the ground and steep of the slope were considered

as indicators to reckon the most vulnerable households by

the community people.

Historical timeline presented three major events of

landslides in the past. First event of landslide occurred in

17 June 1961, second in 19 June 1972, and third in 30 August

2008. More than 8 landslides occurred in the last event

(Fig. 2). The landslides were mainly shallow type. Commu-

nity averred that the latest one was the most devastating. The

landslide inhumed 5.7 hectare of arable land, made cracks in

houses, and swept away one livestock shed. The ready to

harvest crops were all destroyed that left many of the

families food insecured.

While discussing cause and effect of landslides, commu-

nities asserted that rainfall was the major triggering factor

for landslide. They also shared that there was a huge down-

pour when the landslide occurred in the year 2008. But

nobody knew the amount of rainfall.

Rainfall Data

The rainfall data of 30 August 2008 was collected to corre-

late the relationship between rainfall and landslide from the

nearby rainfall station. The station was established by

Department of Hydrology and Meteorology (DHM), GON

in 1999. The station is situated 3 km (arieal distance) far

from the project site. No rainfall records of 1961 and 1972

were available. The rainfall data of 2008 exhibited that there

was intense rainfall of 229 mm in 24 h on 30 August 2008

(Fig. 3). There was continuous rainfall for 5 days from 25 to

31 August 2008. The total rainfall over the 5-day period was

370.2 mm.

An interaction visit of communities was organized to

rainfall station. Communities collected rainfall data and

performed analysis. The analysis concluded that rainfall

has to be monitored for assessing landslide probability. But

nobody had answer that what intensity of rainfall has poten-

tial to trigger the landslide. This knowledge gap urged to

define rainfall thresholds for landslide in that area. This

process created overwhelming interest among the commu-

nities to experiment and execute landslide monitoring

measures. Numerous literature suggest that participaton of

the vulnerable people in the process empowers them to make

collective decisions (Dovie 2003; Fazey et al. 2010; Haque

and Etkin 2007). In order to understand relation between

rainfall and landslides, several research articles and case

studies were reviewed.

Literature Review

A large anthology of literature discussed the relationship

between rainfall and landslides (Baum and Godt 2010;

Capparelli and Tiranti 2010; Dahal and Hasegawa 2008;

Dahal et al. 2009; Ponziani et al. 2011). Dahal and

Hasegawa (2008) highlights complex topography with

heavy and concentrated rainfalls during monsoon periods

cause severe landslides in Nepal.

There are mainly two types of rainfall thresholds found in

practice for estimating landslide probability, Empirical and

physical thresholds. Rainfall threshold as defined by

Fig. 2 Evidence of landslide occurred in 30 August 2008
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Fig. 3 Rainfall data of 25–31 August 2008
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Capparelli and Tiranti (2010) is critical values over which
the probability of landslides occurrence becomes high. Empi-

rical threshold refers to relational values based on statistical

analysis of the relationship between rainfall and landslide

occurrence. Physical threshold is usually described with the

help of hydrologic and stability models that take into account

the parameters such as relationship between rainfall and

pore-water pressure, suction, infiltration, slope morphology,

and bedrock structure. Huggel et al. (2010) have developed

a numerical modelling of landslide occurrence based on empi-

rical threshold, which was piloted in Colombia. They have

adduced following (1) to measure empirical thresholds for

landslide.

I ¼ aDb ð1Þ

where a and b are empirical parameters, I is rainfall intensity
and D is duration of rainfall. This equation derives that I

intensity of rain when occurs for D duration, there is proba-

bility to trigger landslide.

Dahal and Hasegawa (2008) analyzed 193 landslide

events around the Nepal to yield a threshold relationship

between rainfall intensity, rainfall duration, and landslide

initiation. In consistence with Huggel et al. (2010), they

came up with rainfall threshold intensity for Nepal, which

is expressed in following (2). Where I is hourly rainfall

intensity (mm h�1) and D is rainfall duration in hours.

I ¼ 73:90D�0:79 ð2Þ

Tiranti and Rabuffetti (2011) have tested methods for

forecasting shallow landslides using empirical thresholds.

They claim rainfall based thresholds though very useful but

cannot be used for prediction. Rainfall based threshods are

only “Conditional Probability”.

Rainfall Observation for Landslide Probability

All the acquired information elucidated that both intensity

and duration of rainfall play substantial role in triggering

landslide. An exercise for defining the rainfall thresholds

was carried out applying (2) as well as taking account of

previous rainfall data. The 24 h duration and intensity

relationship based on the (2) is given in the table below

(Table 2).

According to the Table 2, landslide may trigger with

rainfall intensity of 74 mm in an hour and 10 mm/h intensity

of rainfall in 12 h. The table also expresses that intensity

decreases but accumulation of rainfall increases over time.

Both short duration-high intensity and long duration-low

intensity rainfall are important to monitor for estimating

landslide probability. Both conditions can trigger landslides.

Therefore, communities decided to monitor rainfall of two

periods at this stage. They are rainfall occurred in 1-h and

24-h.

Since 74 mm of rainfall in an hour triggers landslide

probability [according to (2)], communities decided to dis-

seminate the alert message when 50 mm of rainfall occurs in

an hour in order to have preparation time for evacuation.

Similarly, (2) suggests 144 mm of accumulated rainfall over

the period of 24 h triggers landslide probability (intensity of

6 mm/h rainfall for 24 h). But community repudiated the

calculation because in the year 2009 August 13 the 24-h-

recorded rainfall was 150 mm and there was no occurrence

of landslide. The exact intensity could not be known because

the data recording system was 24 h. To circumvent the

confusion and instigate the rainfall monitoring process, a

consensus among communities was built to disseminate the

alert message when 200 mm of rainfall occurs in 24 h.

There was no validation done that identified rainfall

intensity and duration will trigger landslide probability. No

particular study for identifying landslide triggering thresh-

olds was done in the area. Therefore, communities wheedled

to take this as an opportunity to examine the landslide

triggering thresholds for their area. That is why the alert

messages are only rainfall information not warning.

Holcombe and Anderson (2010) also underscored that risk

reduction measures be realistically developed at the local

level. This invoked for establishment of rainfall stations in

the project area.

Establishing Rainfall Stations and
Communication Mechanisms

For the purpose of this particular intervention, two types of

rainfall measuring systems, automatic and manual, were

installed within the project site (Fig. 4). Rainfall observation

responsibility was given to a family who gets paid by every

family from the communities for the monsoon period.

Table 2 24-h duration and intensity relation

Duration (h) Intensity (mm/h) Duration (h) Intensity (mm/h)

1 74 13 10

2 43 14 9

3 31 15 9

4 25 16 8

5 21 17 8

6 18 18 8

7 16 19 7

8 14 20 7

9 13 21 7

10 12 22 6

11 11 23 6

12 10 24 6
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Orientation training to two family members was provided.

Why? Because when one person is absent another will take

responsibility. The monitoring had to be done in real time so

that information can be circulated very urgently with suffi-

cient time to respond. To monitor the real time rainfall,

automatic rainfall system was installed whereas manual

rainfall system was installed in order to validate and cali-

brate the data provided by automatic system.

The automatic system records digital data into the server.

The system is connected to internet for accessing the infor-

mation from remote area. The automatic system was invested

with mobile SIM cards. An electronic display system is also

installed that displays real time rainfall information backed by

solar electricity. The system is programmed in the way when

rainfall reach identified levels it sends alert short message to

telephone numbers of nominated persons from all the three

communities.

Two persons from each community are nominated as

communication focal persons. They have the responsibility

to disseminate the rainfall information to every household

within the community. Telephone numbers were circulated

among communication focal persons and rainfall monitor.

Mechanisms were identified and established to inform every

household using hand-operated sirens and megaphones.

Analysing Rainfall Data

The rainfall observation system was established in July 2012.

During the time of writing this paper, 152 days rainfall data

from two monsoon seasons of the years 2012 (9 July 2012 to

30 September 2012) and 2013 (18 July 2013 to 23 September

2013) have been recorded. The rainfall data were analysed as

per the agreed two periods, 1-h rainfall and 24-h rainfall. Daily

maximum 1 h recorded rainfall data of 152 days were plotted

in scatter chart (Fig. 5). The top three maximum amount of

rainfall occurred in the period of 1-h were 44.2 mm, 42.8 mm,

and 28.4 mm recorded in the dates 13 July 2012, 24 July 2013,

and 12 July 2012 respectively.

Similarly, 24-h rainfall data of 152 days were plotted in

the scatter chart (Fig. 6). The top three maximum amount of

rainfall occurred in the period of 24-h were 138 mm,

94.6 mm, and 66.6 mm recorded in the dates 13 July 2012,

17 September 2012, and 20 July 2013 respectively.

There was no case of landslide occurrence after the instal-

lation of rainfall observation system. The alert messages

were not circulated because the rainfall did not overtop the

identified limit. It seems apparent that the identified rainfall

limits are valid but it would not be wise to be certain at this

moment with the available rainfall data.

These rainfall data were discussed with communities.

Communities apprehended that available rainfall information

Fig. 4 Automatic rain gauge (on the left), Tipping Bucket, and manual

rain gauge (on the right), standard rain gauge installed in the project site
for rainfall observation
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Fig. 5 1-h maximum rainfall recorded in 2012 and 2013 from July to

September
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Fig. 6 24-h rainfall recorded in 2012 and 2013 from July to September
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did not explain specific estimation between rainfall and land-

slide occurrence albeit it is useful to continue rainfall obser-

vation based on identified periods and rainfall amount.

Community in Action

It is noteworthy to mention that communities were alert all

the time during the monsoon whenever there is rain. There

were frequent contacts between rainfall monitor and commu-

nication focal persons. Ostensibly, these frequent commu-

nications established bond of trust between rainfall monitor

and communities. What’s more, this process has manoeuvred

the practice of being informed of rainfall for landslide

probability.

When rainfall recorded 138 mm in 24 h at 11 am in 13

July 2013, rainfall monitor called communication focal

persons of all the three communities. The identified limit

for 24-h rainfall was 200 mm. The communication focal

persons started monitoring the road banks and identified

risk zones. They did not observe any signs of landslides

and decided to wait until the rainfall exceeds the limit. The

rainfall did not surpass the limit during that time so no alert

messages were disseminated.

Similarly, the rainfall nearly reached to 50 mm in 1-h in

two events: one in 13 July 2012 (44.2 mm) and another in 24

July 2013 (42.8 mm). But rainfall monitor did not call

communication focal persons. Why? Because in both cases

the rainfall amount recorded at 1 am in the morning and the

rainfall monitor was sleeping. The automatically generated

messages to telephone of communication focal persons only

trigger when rainfall amount surpasses 50 mm in 1 h.

It was evident that communities were responding

promptly and taking their own decision from the above

event. Community-based approaches aim to enhance the

capacity of communities for problem solving and managing

stresses (Allen 2006). This capacity can be built by repetitive

and periodic encounters to disaster and/or by external facili-

tation. Nevertheless, there are both advantages and

limitations of this approach.

Analysing Benefits and Bottlenecks

Pelling (2007) argues that participation of local community

empowers to acquire information, resources, and authorities.

Present case demonstrates the involvement of communities

throughout the process in implementing localized rainfall

observation for landslide probability. Self-reliance of com-

munity is key factor in disaster management (preparedness,

response, and recovery) (Singh 2010). It is believed that the

communities are self-reliant for monitoring landslide,

identifying causes of vulnerability, and taking actions for

minimizing risks.

Community knowledge and perceptions were fully utilized

without subverting the scientific background. Community

empowerment process acrrues with the use of community

knowledge in their risk reduction initiatives whereas dis-

empowerment occurs when neglected (Allen 2006).

Communities have been discussing their local issues in dif-

ferent public gathering to build collective actions. Allen

(2006) also states that access to pulic forum for discussion

is also community empowerment.

No further discussion required to emphasize that lack of

local capacity aggravates the vulnerabilities of the people.

Eakin et al. (2009) averred that the vulnerability of people

living in Upper Lerma River Valley, Mexico to respond to

flood risk is exacerbated due to limited capacity. Present

project has underpinned the capacity of local communities

through series of science based inputs like geological infor-

mation and rainfall analysis. These inputs imbued to perform

experiments for long-term preparedness through rainfall-

based landslide monitoring.

Use of scientific knowledge, however tried to make it

understandable and interpretable to the local community in

the present case, may offer difficulty when external facilita-

tion will be over. External facilitation might require for

analysing rainfall information every year. Mechanisms

need to be developed for establishing linkage between

science-based institutions and communities. This aspect is

yet to explore and will be priority for next phase. Automatic

system is used and maintenance might require external

experts if broken.

For smooth functioning of the sytem, resources are

required. Communities agreed to pay to the rainfall monitor

during monsoon in the present case. But households are

reluctant to invest their own resources in community

projects (Allen 2006). This approach has to be institutiona-

lized within the existing institutional structure to gaurantee

funding availability.

Most importantly, the generated rainfall information is

not warning. Communities are not legitimatized to issue

disaster warning. In addition to that the identified rainfall

intensity and duration are not validated. Developing a

rainfall-based thresholds for new areas is time-demanding

that requires compiled usable records of historical landslides

and spatially and temporally coincident rainfall data (Baum

and Godt 2010). Misunderstanding information as warning

may create exasperation among communities if the rainfall

exceeds the identified limit and community put their efforts

for evacuation but nothing happens.

Conclusions

This article presents a case of community-led initiative for

landslide hazard monitoring. The communities of Bhanu
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VDC have examined their vulnerability and analysed

causes of landslides. They have actively involved inmoni-

toring localized rainfall for landslide probability. Further-

more, vulnerable communities are analysing relationship

between rainfall and landslide to define thresholds for

landslide probability. Communities are interpreting the

rainfall information for taking their own decision. Present

case exemplified that vulnerable communities are not pas-

sive victims. They are leaders in managing their own risk

if adequate capacity building is done.

Landslide is a common phenomenon in Nepal that has

a negative impact on human livelihood. Landslide predic-

tion is difficult and involves huge amount of scientific

knowledge and analysis. Rainfall is one of the triggering

factors of landslide. This case study of Bhanu VDC

suggests that rainfall observation provides opportunity

not only to explore rainfall based empirical thresholds

for landslide probability but also to assess, analyse, and

act to reduce the risk associated with landslide hazard.

Community-based approach for landslide monitoring

exemplified empowerment and capacity building of

the communities for their self-reliance. However, strong

scientific backup for refinement of rainfall-based landslide

probability is still required. Lack of resources for techno-

logical support is another shortfall of this approach.

In conclusion, this project is not an espistome of rain-

fall based landslide monitoring in Nepal. Being a new

venture, this initiative entails further investigation for

minimising the risk of landslide hazard led by vulnerable

communities themselves.
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Landslide Risk Reduction in Poland: From Landslide
Inventory to Improved Mitigation and Landuse
Practice in Endangered Areas

Teresa Mrozek and Izabela Laskowicz

Abstract

Poland is moderately prone to natural hazards, yet floods and landslides are key threats

resulting in major economic losses. Like floods, landslides here are generally triggered by

precipitation. Landslides that occurred in the Flysch Carpathians and at their foreland in

between 1997 and 2010 were widespread and particularly devastating. These disasters

pointed to a vital need for an improved system of landslide data acquisition, hazard

awareness building and developing mitigation measures. An initially developed landslide

damage recovery programme evolved into a risk reduction strategy. Nowadays, the core is

formed by the ongoing project named Landslide Counteracting System LCS (SOPO in
Polish) combined with DBMS, meant to register landslides on a country-wide basis.

However, the second streamline is focused on structural remediation measures that aim

at maintaining stability and functioning of public infrastructure for foreseeable future

conditions. For that, the task-oriented engineering geology documentation has to be

approved by Polish Geological Survey with respect to reliability of landslide recognition

and feasibility of proposed treatments. This provides technical credibility which was not

present in years past.

Information on spatial distribution of landslides is, by law, to be considered in regional

land use planning documents. To avoid unnecessary spending, municipal authorities draw

upon previously experienced landslide threats and resultant damages, and create local

management policies which impose restrictions on construction in landslide-prone terrains.

Finally, risk reduction strategy involves landslide monitoring for warning purposes or

remediation performance.
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Landslide damage � Landslide inventory � Risk reduction strategy � Landslide
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Introduction

By global (or even by European) standards, Poland is only

moderately affected by major natural catastrophes because

of its relatively stable seismic setting, gentle topographic

relief, and temperate climate. Nevertheless, floods and

landslides are weather-related hazards which cannot be

ignored as they result in major economic losses and even

fatalities.

Whilst there is a general long-standing recognition of

flood perils, landslide danger has been underrated for many

years. This attitude has slowly changed, especially in the

context of damages experienced since the turn of the twenti-

eth century. The economic losses due to devastating

landslides of 1997 pointed to a vital need for an improved
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hazard awareness building as well as for mitigation and

prevention measures. (Poprawa et al. 1998). In response to

those demands, an initial landslide damage recovery scheme

evolved into a risk reduction strategy.

Following current trends, the adopted strategy goes

beyond landslide loss reduction by engineering treatment

and incorporates also “soft” preventive methodology

(Höppner et al. 2012). This two-fold approach focuses on

(a) developing risk reduction strategies in site/areas already

subjected to slope instability, and (b) indicating areas poten-

tially prone to landsliding in order to provide guidance for

future developments. Under such a framework, the strategy

combines outcomes of landslide history with implementa-

tion of engineering solutions to areas at high risk of

landslides. This results in sound land use management

policies which draw upon legislation and regulations that

focus on hazard mitigation.

With this publication we show accomplishments in the

field of landslide risk reduction in Poland (a juvenile free-

market economy country) where previously non-existent

landslide mitigation and prevention policy had to come

into being parallel with ongoing recovery from previous

disasters.

Background on Landsliding

Landslides in Poland occur in locations which are favoured

by physiogeography, where natural failures are related

mainly to rainfall and meltwater triggers. In fact, landslide-

prone regions are known in many parts of the country

(Ostaficzuk 1999), yet they are predominant in the south—

in the Flysch Carpathians (ca. 22,500 km2) and at their

foreland (Fig. 1). As landslide risk indicates likelihood of

experiencing financial losses, the hilly or mountainous areas

are particularly at risk due to juxtaposition of weather-driven

catastrophic events with widespread assets related to human

activity. By Polish standards, this is a densely populated

territory (of ca 221 person/km2 as compared to the average

in Poland of 122 person/km2) with numerous dwellings on

hillsides, so the anthropogenic footprint is much stronger

here than in any other part of the country. Figure 1 shows the

spatial distribution of currently inventoried landslides

superimposed on built-up terrain in Małopolska, one of the

provinces located in the Flysch Carpathians.

Evidence of landslides date back to descriptions of the

failure in the village of Duszatyn in 1907 (Zuber and Blauth

Fig. 1 Example of inventoried landslides and built-up areas in the Carpathian province of Małopolska
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1907). Not only did the authors describe the mass movement

process, but they also estimated the costs of resulting

damages to 187,000 Kronas (Austro-Hungarian currency of

that era). Moreover, they even postulated a governmental

agency to revise attitude to landslide risk problems. Unfor-

tunately, subsequent landslide studies usually neglected

recovery policy issues.

As natural slope failures observed in Poland are

associated mainly with rainfall triggers, they do accompany

flood events to a some extent. Such flood events were

observed in the Carpathians and at their foreland in: 1934,

1962, 1965–1967, 1972–1974, 1980, 1997, 2001, 2004 and

2010. Because flooding and landsliding are so closely

linked, they generally occur simultaneously. Flooding, how-

ever, has commonly garnered more attention than landslide

damage. Indeed, for a long time landslides used to be treated

as merely localized phenomena, purely of interest to the

academic community but rarely to local authorities. Such

an attitude might be not surprising, given the context of the

scale of individual landslides and the relatively low amount

of damaged buildings or infrastructure. However, when

landslides are viewed in a more spatial perspective, its cata-

strophic nature becomes apparent. Prolonged precipitation,

often associated with storm rainfall, usually results in a

“domino effect”—numerous slides become triggered

sequentially in relatively close proximity. This is

exemplified by the events of 1997. Extreme precipitation,

with an abnormally high rainfall in July, set off 253

landslides that resulted in destruction of 137 buildings in

the western Polish Carpathians (Poprawa et al. 1998). The

post-event estimates of related financial losses amounted to

ca. 150 million PLN. Although the landslide-related

damage was widespread, the number of casualties was low

(1 debris-buried fatality and a few indirect deaths due to

heart disorders). The relatively low number of casualties

may be attributed to the fact that only 12 % of failures in

the Polish Carpathians were catastrophic flows (Poprawa

et al. 1998) transferring colluvial material at high speed,

while most failures were slow or very slow movements,

thereby allowing for safe evacuation of people.

Intensive landsliding triggered by rainfall in central and

eastern Europe between 2000 and 2012 (Pánek et al. 2011;

Klimeš and Blahůt 2012) was very destructive. In Poland,

landsliding of June-July 2010 was particularly catastrophic.

Cost of damage was extremely high (2.9 Billion Euro) and

pointed towards a need for an improved, more holistic

approach to landslide risk management (Grabowski and

Przybycin 2010).

Boosting public landslide awareness required an amend-

ment to legal regulations. Indeed, it was not until 2001 when

significant changes were introduced to acts and ordnances

(Table 1). Since then, landslides acquired the legal status of

natural disaster (such as floods, hail, windstorms, wildfires

etc.). This in turn created a setting for a more systematic

approach to landslide-related emergency response, mitigation

and prevention issues.

Rationale Behind Risk Reduction Strategy

The catastrophic landsliding of 1997 gave rise to an idea of

developing a nation-wide strategy for landslide risk reduc-

tion. An incipient landslide remediation program comprised

two major streamlines (Fig. 2): (i) recovery by restoration

and reconstruction of destroyed assets in areas already

Table 1 Expenditures on recovery of public assets in the Polish Carpathians as ensured from the state budget reserve by promissory notes

Year Major land sliding events observed in: Law changes No. of tasks Expenditures (PLN)

1997 Summer

1998 Spring

1999

2000 Spring

2001 Summer +

2002 Spring

2003 + Project onset

2004 Summer + 27 23,225,000

2005 30 25,222,582

2006 45 28,046,011

2007 + 53 40,861,816

2008 50 88,853,792

2009 5 17,627,125

2010 Summer 12 19,873,570

2011 31 54,868,774

2012 37 85,758,020

Total 290 384,336,690
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affected, (ii) development of a system for mitigating and

preventing losses in future.

The adopted approach generally follows risk manage-

ment objectives (e.g. Crozier 2005), but obviously the

emphasis initially focused on urgently needed remediation.

In time, especially after subsequent landsliding events of

2000–2010, issues oriented on future risk reduction had

been gradually growing in importance. Landslide inventory

and mapping became an important basis of risk management

(e.g. Fell et al. 2008; van Westen et al. 2009).

Thus far, there was no system in place to manage the flow

of funds nor to put solutions into practice. The current

national procedure has brought substantial improvements

to this. Reconstruction and restoration measures are targeted

for damaged sites in all of Poland. Preference is given for the

sites of largest impact to the public, however. Landslide

mapping and monitoring, intended to support guidance on

risk mitigation, have been initiated in the Carpathians and

their foreland, the region most threatened.

Recovery Programme

Under the recovery streamline (Fig. 2), the Landslide Protec-

tion Framework programme LPF was launched in 2003. The

LPF programme, currently run by the DDPR (Department of

Disaster Prevention and Recovery under the Ministry of

Administration and Digitization of Poland) is addressed to

all provincial authorities. On that level, the steering is

delegated to the PST (Provincial Supervising Teams) while

the PGS (Polish Geological Institute—Geologic Survey

of Poland) is the advisory and consulting entity. The LPF
program forms a framework for reconstruction, relocation,

and structural protection (engineering stabilization) of

damaged infrastructure or civil facilities. The executive

procedure in place is illustrated in Fig. 2.

Damage recovery may be accomplished in two ways: (i)

by taking stabilization measures that will ensure functioning

of reconstructed infrastructure/facilities located on a land-

slide or near it; (ii) by relocating infrastructure, facilities or

housing and therefore abandoning a landslide without

stabilizing it. The choice of recovery approach depends on

a cost-benefit analysis taken in a social or cultural context.

Based on estimates of stabilization costs relative to those of

the civil facilities/infrastructure damaged or at risk, the local

administrative bodies can apply for full or partial funding of

remedial treatment.

As a rule, damage claims are made by local administra-

tive bodies (municipalities), PGS professionals are in charge

of verifying landslide recognition and approving required

documentation. The feasibility of planned treatment is also

evaluated. Then, the PSTs are required to prioritize particu-

lar tasks taking into account long-term (ca. 25 years) effec-

tiveness of planned investments as well as socioeconomic

benefits. The DDPR is then authorised to allocate funds

based on priority. Once priorities are determined, projects

are undertaken through a tender process.

As shown in Table 1, 290 tasks have been financially

supported in the system described above. Since this process

has been operational (2005), costs have been reduced signif-

icantly. Under the previous system, there was little control or

scrutiny given to which remediation projects were to be

undertaken, and many projects which were done were not

very well thought out or even necessary.

Mitigation Programme

The second streamline of the adopted strategy is devoted to

minimizing future landslide losses. The core is formed by

the ongoing LCS or SOPO (in Polish) project (Figs. 1, 2).

Fig. 2 Risk reduction strategy framed by LPF and LCS programmes

(OP and SOPO are acronyms derived from Polish names of the
projects)
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The major objectives of the programme concentrate on:

large-scale landslide inventory; managing a GIS-structured

national landslide database; monitoring of selected

landslides; and providing support for administrative bodies

and land use planners (Mrozek et al. 2014). The LCS project

is commissioned by the Ministry of Environment, and is

supervised and managed by PGS.

A large-scale inventory (typically at a 1:10 000 scale)

is carried out by integrating interpretation of aerial photographs

and extensive field investigation. Rather than working under

the natural constraint of individual drainage basins, the inven-

tory is performed based on the country administrative

divisions. This is because the project beneficiaries are specific

municipalities, which are by law obliged to take inventory

outcomes into account in their territorial planning policy.

The project also incorporates monitoring of selected

landslide areas which threaten crucial civil facilities

(e.g. important transportation routes). The stages of project

implementation involved pilot surveying and database test-

ing (in 2007). Subsequently a systematic landslide inventory

evolved from the most threatened municipalities in the

Polish Flysch Carpathians in 2008.

Landslide inventory and mapping continues to progress

(Table 2; Fig. 1). Till August 2013 landslide mapping tasks

had been performed in 142 municipalities, comprising

10,903 km2. In the Carpathians, the number of inventoried

landslides amounted to 34,036 over an area of 902 km2.

Of those, 60 landslides are monitored using inclinometers.

Financial Conditioning

The LPF programme was launched in 2003 with a 50 million

PLN loan from EIB. The assumed budget of 165 million

PLN was initially planned to cover costs of structural

investments based on appropriate design proposals. Then

(after 2005), funding has originated from the specific alloca-

tion of the state budget reserve. Such funds can be used only

for recovery of civil (public) facilities and infrastructure,

and not for private structures.

The LCS (SOPO) project is financially supported by the

National Fund for Environmental Protection and Water Man-

agement. With a budget of 52 million PLN (2006–2015) it

exists to assist administrative units in handling landslide

registers and in sustainable land-use planning.

Strategy Achievements and Weakness:
Discussion

The adopted landslide mitigation strategy is generally in

agreement with concepts of risk management (e.g. Dai

et al. 2002; Crozier 2005). Unfortunately, not all phases of

the risk management scheme are equally addressed or

approached.

Initially, policy makers efforts focused on structural

mitigation rather than on risk analysis, for example. This

may be attributed to the fact that the outlined procedure

developed in response to the widespread landslide disaster

of 1997, which happened after a long-standing period of

relative quiescence. This would appear to be more of a

reactive rather than a proactive approach. Because of severe

damages, rescue and reconstruction actions were given top

priority. With the subsequent and repetitive landslide events

in the twenty-first century (Table 1), however, the policy

makers began to realize that landslide risk reduction cannot

be accomplished only by relief actions, but must include and

incorporate long-term prevention and hazard mitigation

strategy. Therefore the development of a new regulatory

and implementation framework was created.

The ongoing landslide mapping and inventory are funda-

mental and vital steps towards verification of the landslide

risk awareness. In addition to continuous progress of a

standardized mapping schedule, landslides are registered as

needed immediately after any serious triggering event, espe-

cially when significant damages occur. With such a data-

base, the adopted procedure is flexible and can evolve

towards an event-based landslide inventory.

Methods for landslide hazard and risk zonation have to be

appropriately selected (van Westen et al. 2009; Fell et al.

2008). For the country of the size of Poland, developing

susceptibility maps at a small scale is of limited importance

and is of a confirmational nature only. Indeed, resolution of

the maps at scale 1:200,000 or 1:400,000 (Długosz 2009;

Holec et al. 2013) is impractical—high susceptibility zones

perfectly correlate to regions which have historical landslide

Table 2 Progress in landslide inventory and mapping

Year No. of municipalities Area mapped (km2) % of area of the Carpathians

2007 3 272 1

2008 4 372 2

2009 33 2,237 10

2010 78 5,385 24

2011 106 7,368 33

2012 142 10,903 47
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occurrence already. With that in mind, the mapping tasks of

the LCS project have primarily concentrated on development

of large scale maps (1:10,000). These are so-called “danger
maps”, rooted in direct (expert-opinion) methods, which

depict landslides and terrains prone to mass movements.

They are tentative alternatives to susceptibility or hazard

maps derived from an indirect or statistical approach that

requires a large digital database (e.g. Guzzetti et al. 2012),

but which at the time of the strategy implementation were

not available.

The outlined risk mitigation strategy shows a clear proce-

dure for civil assets remediation. Unfortunately for damaged

private households, a common code of practice does not

exist. The aid for victims may originate from a specific

provision of state funds but is usually bound by additional

terms and conditions. Under the current state policy, an

insurance programme for people living in landslide

endangered areas does not exist. Although this may be

seen as adaptation strategy, it is only under an initial stage

of consideration.

Since the legal regulations have been amended, the

starosta (the head of the second order administrative unit)

is in charge of keeping a register of landslides and monitor-

ing them, while municipality authorities (gminas) are

obligated to consider extents of landslides and terrains

prone to future mass movements in territorial planning.

Outcomes of the LCS project support these administrative

entities as follows: First, the inclinometer monitoring

initiated under the LCS project forms the groundwork for

quality-controlling the performance of the existing remedial

structural measures, as well as for forming an early warning

system. Second, the danger maps developed from the inven-

tory from the LCS project are significant tools used by

municipal authorities for sustainable land-use planning and

risk reduction. Unfortunately, problems arise how to trans-

late the information from the maps into effective policy and

regulations (DeGraff 2012), as there is no obligatory policy

guidance. In practice, this results in imposition of certain use

restrictions, although this occurs at a local level only.

Closing Remarks

Because risk is viewed as an outcome of the interplay

between hazard, exposure, vulnerability and coping capacity

(Roberts et al. 2009), most effective landslide mitigation

strategies should involve some combination of landslide

mapping, control structures, warning systems and regional

planning, combined with good coordination between scien-

tific, engineering and planning bodies (Larsen 2008). Polish

risk reduction strategy is in line with such current trends, and

can be even perceived as a strategic incremental approach

(Anderson and Holocombe 2013). The strategy couples

ex-post mitigation with ex-ante risk reduction policy. In

Poland, a juvenile free-market-economy country with lim-

ited funds, any task requires a consensus between policy and

fiscally realistic implementation. Therefore, strategy which

incrementally incorporates the best practice to risk is truly

advantageous. However, more effort is needed in the domain

of hazard/risk zoning and prevention, and also in developing

common codes of practice. Here, there is also a room for

more uniform and applied governance.
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Quantitative Multi-risk Modelling and Management
Using Bayesian Networks

Zhongqiang Liu, Farrokh Nadim, Bjørn Vidar Vangelsten, Unni Eidsvig, and
Bjørn Kalsnes

Abstract

In many regions of the world, several natural hazards may act within the same time frame.

Neglecting or underestimating interactions among different hazards may lead to

underestimation of the overall risk and further to poor risk management. Implementation

of effective and efficient risk management strategies requires that all relevant threats are

assessed and considered. However, due to the differing characteristics of hazards, few

quantitative models exist that can perform all the computations required for a complete

multi-risk assessment. In this paper, a quantitative multi-risk management model using

Bayesian networks (BaNMuR) is proposed, which could account for the assessment of

cascading hazards, time-dependent vulnerability estimation and selection of optimal risk

management strategies. The model was developed as part of the EU FP7 Collaborative

Research Project MATRIX. An application example of the BaNMuR model for assessing

the risk of tsunami triggered by rockslide is presented in the paper. The proposed multi-risk

modelling evaluates the effect of interaction between single risks quantitatively, provides a

more rational estimate of multiple risks and helps the decision-makers choose the best risk

reduction strategy.

Keywords

Multi-risk modelling � Risk management strategy � Bayesian networks � Tsunami �

Rockslide � Cascading hazards

Introduction

In many regions of the world, several natural hazards may

act within the same time frame. The risks associated with

different types of natural hazards such as landslides,

tsunamis, and earthquakes are often estimated using differ-

ent procedures and the produced results are not comparable.

In addition, the hazardous events themselves could be highly

correlated (e.g., floods and debris flows could be triggered

by an extreme storm event), or one type of threat could be

the result of another (e.g., tsunamis could be triggered by an

earthquake or landslide, even both, so-called cascade effect).

Neglecting or underestimating interactions among different

hazards may lead to underestimation of the overall risk and

further to poor risk management. Effective multi-hazard risk

reduction strategies and action plans are built on a good

understanding of all relevant threats. However, due to the

differing characteristics of hazards, few quantitative models

exist that can perform all the computations required for a

complete multi-risk assessment.

This study provides a quantitative multi-risk management

model based on Bayesian networks developed as part of the

EU FP7 Collaborative Research Project MATRIX (New

Multi-Hazard and Multi-Risk Assessment Methods for

Europe). The model addresses a number of the above issues

mentioned and can be applied at any geographical level and

for any multi-type hazard and risk related purpose. The
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proposed methodology consists of three main phases: (i) the

definition of the multi-risk profile, where links between

hazards and vulnerabilities are identified, (ii) multi-risk

assessment, in which risks associated with each hazard are

assessed and, and (iii) available risk reduction strategies are

prioritized from a risk manager’s perspective based on the

above phases.

The Recommended Multi-risk Management
Model

A new quantitative multi-risk management model based on

Bayesian networks (BaNMuR) is introduced to estimate the

probability of a triggering/cascade effect, model the time-

dependent vulnerability of a system exposed to multi-hazard

and recommend the best risk reduction strategy. The Bayesian

network approach follow the probabilistic definition of risk

(Ang and Tang 2007; Einstein et al. 2010):

E R½ � ¼ P H½ �P C Hj½ �μ Cð Þ ð1Þ

where P[H] is the probability of occurence of a possible

hazardous event; the conditional probability P[C│H] is vul-
nerability, representing the probability of loss conditioned to

certain level of intensity H; and μ(C) is the loss of a set of

consequences C.

A conceptual BaNMuR model may be built as shown in

Fig. 1 (Nadim and Liu 2013). The probabilities of each

hazard/vulnerability (nodes in the network) and conditional

probabilities of their inter-relationships (arcs in the network)

are quantified with existing empirical models, physical

analyses or historical data. In addition, these probabilities

and total risk can be updated quantitatively through any new

information gathered on the basis of Bayes’ theorem. It also

helps to assess how mitigation measures influence the multi-

risk consequences.

This model takes into account the potential interactions

between hazards, the uncertainties in each hazard/vulnera-

bility and their inter-relationships. Two types of hazard

interactions are considered:

1. independent but threatening the same elements at risk

with or without chronological coincidence (the column

marked in deep orange colour in Fig. 1);

2. dependent on one another or caused by the same trigger-

ing event or hazard; this is mainly the case of ‘cascading
events’ (the column marked in green colour in Fig. 1).

Illustrative Example

To illustrate the proposed model, an example of tsunami

triggered by rockslide is studied (Lacasse et al. 2008;

Eidsvig et al. 2009). In their study, three hazard event trees

were constructed: rock slide due to seismic trigger (Fig. 2);

rockslide due to high pore pressure trigger (Fig. 3); tsunami

against Hellesylt in Norway (Fig. 4). A more comprehensive

Bayesian network for estimating the risk associated with a

potential tsunamigenic rockslide is built with program Hugin

Lite (Hugin Expert 7.8) in Fig. 5. There are 7 nodes and 6

arcs in the network. Each node is characterized by several

discrete states as shown in Table 1.

With the prior probabilities of the basic and the condi-

tional probabilities that represent the interrelationships

between any two factors nodes in Figs. 2, 3, 4, the posterior

probabilities of the medium and final nodes are calculated

with Hugin Lite, as shown in Fig. 6. It is worth noting that

the calculated probability distribution for tsunami run up

heights is the same as that calculated by event tree approach

in Fig. 4.

Mitigation Measures

The mitigation measures taken for the tsunami induced

by the rockslide can be divided into two categories:

hazard reducing measures and consequence reducing

measures.

Hazard Reducing Measures

A brainstorming session resulted in a list of possible hazard

reducing measures. The brainstorming session was followed

by a discussion about the feasibility and challenges of the

different solutions. A summary of the possible hazard reduc-

ing measures is given below:

1. Active drainage of water pressures;

2. Reduce water infiltration in critical locations;

3. Unload top of slide (excavation) and buttressing;

4. Piers across potential sliding surface at the toe;

5. Rock anchoring at the toe (steel cable anchors);

6. Blast down parts of the mountain;

7. Potential sliding surface strengthening (chemical,

grouting) combined with drainage;

8. Hydraulic fracturing to increase permeability.

Assuming that the states of pore pressure increase were

changed in light of mitigation measures that have been

taken, as shown in Fig. 7, the risk for tsunami for State 1

(i.e. State >20 in Run up_1 node), after updating, decreased

as expected for this specific tsunami triggered by rockslide

and pore pressure increase.

Such Bayesian network could serve as an effective tool to

manage tsunami risk triggered by rockslide, provided that

the information for the prior is available.
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Consequence Reducing Measures

Once a maximum run-up height is estimated, a conservative

consequence assessment is to consider all of the area at

lower elevation than the maximum run-up height at the

location to be inundated. Figure 8 shows a map of Hellesylt

with the 50 m elevation line. The figure clearly illustrates

which buildings and infrastructure could be inundated in the

(assumed) worst case scenario.

A brainstorming session resulted in a list of possible

consequence reducing measures. The brainstorming session

was followed by a discussion about the feasibility

and challenges of the different solutions. A summary

of the possible consequence reducing measures is given

below:

1. Short term: Construct properly marked out safe havens

and escape routes and perform drills;

2. Long term: Visual barriers on land;

3. Long term: Barriers in front of villages under sea level;

4. Long term: Relocate population and infrastructure;

5. Long term: Reinforcement of harbors and installation of

brake waters.

Source 1
(S1)

Source 2
(S2)

Source 3
(S3)

Source n
(Sn)

Hazard 1
H1=f1(S1)

Hazard 2
H2=f2(S2)

Hazard 3
H3=f3(S3)

Hazard n
Hn=fn(Sn)

Triggering or
cascade effect

Vulnerability 1
V1=g1(H1)

Vulnerability 2
V2=g2(H2)

Vulnerability 3
V3=g3(H3)

Vulnerability n
Vn=gn(Hn)

Risk assessment
(for Source 1)

Risk assessment
(for Source 2)

Risk assessment
(for Source n)

Multi-risk
(   Ranking or integration in a single

risk index)

Actions, multi-risk
management

Threatening the
same elements

at risk
(independent)

H1,2=f1*f2

V1
'=g1

'(H1,2)
V2

'=g2
'(H1,2)

Risk assessment
(for Source 3)

Cascade hazard
H3

'=f(S3 S2)

V3
'=g3

'(H3
')

…..

…..

…..

…..

Fig. 1 Bayesian network for quantitative multi-risk assessment

Fig. 2 Event tree for rockslide volume distribution, given that a rockslide is triggered by and earthquake with magnitude larger than 4
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Fig. 3 Event tree for rockslide volume distribution, given that a rockslide is triggered by extreme weather conditions

Fig. 4 Event tree for tsunami propagation, given that rockslide has occurred (v ¼ rockslide volume)

Fig. 5 A Bayesian network for estimating tsunami propagation
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Table 1 Nodes and their states of the Bayesian network in Fig. 5

Node No. of states States

Pore pressure increase/kPa 3 >100; 50–100; <50

Earthquake/g 3 Amax > 0.25; 0.1 < Amax < 0.25; Amax < 0.1

Rockslide volume_1/mill. m3 4 V > 15; 5 < V < 15;

0.5 < V < 5; V < 0.5

Rockslide volume_2/mill. m3 4 V > 15; 5 < V < 15;

0.5 < V < 5; V < 0.5

Run up_1/m 4 >20; 5–15; 0.5–5; <0.5

Run up_2/m 4 >20; 5–15; 0.5–5; <0.5

Note: Amax is peak ground acceleration; V is rockslide volume

Fig. 6 Quantified Bayesian network for estimating tsunami propagation

Fig. 7 Updated Bayesian network for estimating tsunami propagation after taking mitigation measures
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Summary

This paper presents a new model, BaNMuR, for evaluating

multi-risks using Bayesian networks. A specific Bayesian

network to evaluate the risk posed by a rockslide-triggered

tsunami was constructed considering 7 nodes (parameters)

and 6 arcs (inter-relationships) that influence the tsunami run

up heights. The calculated probability distribution of run up

heights using the proposed model are generally in good

agreement with the results obtained by an event tree

model. The present model is capable of (a) taking into

account a large number of important parameters and their

inter-relationships in a systematic structure and (b) including

more available information to update the total risk and

manage risk effectively.
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Nadim F, Liu ZQ (2013) Quantitative risk assessment for earthquake-

triggered landslides using Bayesian network. In: Proceedings of the

18th international conference on soil mechanics and geotechnical

engineering, Paris

Quantitative Multi-risk Modelling and Management Using Bayesian Networks 779

http://www.hugin.com/productsservices/demo/hugin-lite
http://www.hugin.com/productsservices/demo/hugin-lite


Part IX

Inventory and Database



Introduction: Landslide Inventories and Databases

Snježana Mihalić Arbanas, Marko Komac, Candan Gokceoglu,
and Gabriel Legorreta Paulin

Abstract

This is a short introduction to the Session B9 of the WLF3 entitled “Inventory and Database”
with summarized overview of all contributions. Papers included in this part of the volume

deals with landslide mapping and landslide identification techniques as well as with presen-

tation of landslide inventories and data bases. There are examples of landslide identification

and inventory development from Southern Kyrgyzstan, Mexico, Turkey and Croatia. Event

and seasonal landslide inventories are presented in the form of Global Landslide Catalog and

simple seasonal inventory from Croatia. National landslide databases encompass large

archives of landslide data from Poland, Germany and Switzerland.

Keywords

Landslide identification � Event landslide inventory � National landslide database

Introduction

The Session B9 of the 3rd World Landslide Forum addresses

several aspects of landslide databases. From the technical

perspective, contributors use both straightforward descrip-

tion of simple inventories and more complex, true databases.

Contributors also present different landslide data acquisition

approaches—in situ data collection, aerial and satellite

mapping, digitalization of topographic maps etc. Conse-

quently databases can consist of landslide populations from

local to national and global coverage. Also different

approaches to landslide coverage with reference to the tem-

poral aspect are described, from one-time events to

systematical historical coverage.

Nine contributions have been submitted to this session.

They can be divided into the following broad topics according

to the content:

• Landslide identification and inventory development,

• Event and seasonal landslide inventories, and

• National landslide databases.

Landslide Identification and Inventory
Development

Golovko et al. (2014) present development of a regional

multi-temporal landslide inventory in Southern Kyrgyzstan.

The paper illustrates advantages and limitations of various

data sources in the example landslide inventory developed

for the Budalyk valley test site area. The regional inventory

presented contains a total of over 550 landslides, which were

identified from historical records and by field mapping and

analysis of satellite images. Automated analysis of multi-

temporal high-resolution RapidEye satellite images detected

250 landslides and it is considered as the most efficient and
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appropriate data collection method for further updates of the

inventory. Reconnaissance field mapping was also used to

collect additional information about the landslides (e.g., date

of failure, mechanism, estimated volume and activity). His-

torical records (since the 1950’s) were used for dating of

landslide activity. Landslide data were integrated into GIS

with scanned 1:100,000 topographic base maps.

Murillo-Garcı́a et al. (2014) present a geomorphological

landslide inventory prepared for a 54 km2 study area with

different lithological settings in a temperate humid region in

Pahuatlán, Puebla, Mexico, where the denudation processes

are intense. A stereo-pair approach of Geoeye 1 VHR satel-

lite images (taken on March 31, 2010) with 0.5 m of spatial

resolution on the panchromatic band and 1.5 m on the

multispectral bands was used for landslide identification. A

PLANAR# StereoMirror system was used, combined with

a Stereo Analyst ERDAS# extension for ArcGIS#, to

generate the 3D view. In total, 390 landslides were identified

and digitized directly, creating a digital landslide inventory.

The relative age of each mass movement was inferred by

geomorphological interpretation of the stereo pairs, resulting

in interpretation of 385 recent landslides, 171 old landslides

and 21 very old landslides. The very old and old landslides

have larger areas than recent landslides. The average area for

the recent landslides is 1.1 � 103 m2.

Dagdelenler et al. (2014) present a comprehensive geo-

morphological historical landslide inventory of the eastern

part of the Gallipoli Peninsula (Canakkale, Turkey) which

covers an area of about 233 km2 with variable geological

composition. The landslide inventory was derived by using

the data acquired from field work, interpretation of aerial

photographs and Google Earth satellite images. Landslides

were mapped by using 1:25,000 scale topographic maps. As a

result of the studies, a total of 211 landslides were identified

and mapped. The types of landslides observed in the field

are mostly rotational. The identified landslides mostly

occurred in the area where the mean slope gradient is about

10� and which are composed of Camrakdere member strata,

consisting of mudstone, siltstone, sandstone, and conglomer-

ate alternations, and the Ceylan formation, consisting of sand-

stone, claystone, marl, and limestone alternations. The areal

extent of the smallest failure is approximately 4,837 m2 while

the largest one is 329,214 m2.

Ðomlija et al. (2014) present a preliminary detailed land-

slide inventory map derived by systematic landslide mapping

of the 9.35 km2 area of hills built of siliciclastic rocks in the

Dubračina River Basin near the Adriatic coast in Croatia. A

bare-earth DEM was derived from airborne LiDAR imagery

scanned in March 2012 with ground-surface measurements

acquired at an average density of 5 points per square meter.

Based on the visual interpretation of three different topo-

graphical maps (the hillshade map, the slope map and the

contour line map), created from the 1 � 1 m bare-earth DEM

and supplemented by field reconnaissance mapping of dam-

aged roads and structures; 48 landslides were identified.

According to the derived geomorphological landslide inven-

tory map, the spatial landslide distribution is irregular and

most of the landslides are associated with zones of excessive

erosion. The identified landslides are shallow with an area in a

range from about 7,000–40,000 m2.

Event and Seasonal Landslide Inventories

Kirschbaum (2014) presents an overview of the Global

Landslide Catalog (GLC), the first database which catalogs

reported rapidly-moving, rainfall-triggered landslides within

the recent past at the global scale. The catalog currently

contains seven complete years of data (2007–2013) with

continued reporting, and in the database for 2007–2012

there are 4,700 reports from 112 countries. It is compiled

from online media reports, disaster databases, and other

relevant information. For the landslide locations, each

reported landslide includes information on several aspects

of the event (e.g. landslide type and size, trigger, fatalities

and impact). The paper outlines some preliminary findings

for data over the years 2007–2012, evaluating the co-

occurrence of GLC events with satellite precipitation, and

highlighting an application of the GLC for landslide hazard

model evaluation. Three study areas were chosen to evaluate

the co-occurrence of landslides and rainfall for 2010: Central

America, the Himalayan arc and Central China. The paper

also describes evaluation of the prototype global satellite-

based landslide hazard algorithm, which combines landslide

susceptibility with satellite-derived rainfall estimates, for

2003 (experimental GLC database) and 2007.

Bernat et al. (2014) introduce a seasonal inventory of

precipitation-induced landslides from January to April 2013

with reliable landslide records for location, initiation date and

landslide area which has been developed for the hilly area in

the City of Zagreb (total area of 180 km2) on the basis of field

checking of reported landslides. Preliminary temporal distri-

bution analysis of landslide occurrence showed that 63 land-

slide events happened during the a period of extremes: the

cumulative monthly precipitation in January, February and

March in 2013 was 130–190 % higher than the average

monthly values for the period from 1862 to 2012; cumulative

precipitation for a 3-month period in 2013 has the highest

value in the last 150 years. Spatial distribution analysis

shows that most of the analyzed landslide events were
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triggered in engineering soils of Pontian age (approximately 1

landslide per 2 km2). The landslide inventory map presented

provides a solid basis for organizing further research aimed at

the analysis of landslide-triggering rainfall thresholds, as well

as development of a landslide inventory map which will depict

landslide contours.

National Landslide Databases

Mrozek et al. (2014) presents a Polish national landslide

inventory, which has been developing from 2008 in the

framework of the project Landslide Counteracting System

(SOPO). The database designed and developed in the frame

of SOPO project is a national archive landslide database

managed by the Polish Geological Institute. Large-scale

inventory map (1:10,000) has been prepared, mostly by

geomorphological field mapping and partially using histori-

cal documents and visual analysis of SAR and LIDAR data.

As of August 2013, the database included records of about

34,039 landslides with a mapped area of 10,903 km2 in the

Polish Carpathians, with detailed graphic and attribute

presentations of landslide contours and landslide features,

as well as accompanying information about local geological

and environmental conditions, landslide hazard and risk;

monitoring equipment and remedial measures. The SOPO

inventory is available via Web application (http://osuwiska.

pgi.gov.pl) and is progressively updated.

Damm and Klose (2014) present a national archive land-

slide database for the Federal Republic of Germany. This

paper describes the structure and contents of the database

and outlines its future architecture and WebGIS design. The

landslide inventory is compiled from several existing land-

slide archives, with records about all types of mass

movements which date back to 1137 AD. The database stores

information on landslide types, dimensions, and processes, as

well as the connection of landslides to soil and rock properties,

geomorphometry, and climatic conditions. It also includes

data on landslide impacts, and hazard mitigation. Today, it

stores more than 5,000 data sets with over 13,000 single data

files, and covers, besides the Central Uplands, several key

regions of the South German Scarplands, the Alpine Foreland

and the coasts of the North and Baltic Sea. Finally, examples

of applying this database in trans-regional landslide impact

studies are given in the paper.

Hess et al. (2014) provide a short overview of background

data and dedicated landslide studies in Switzerland, which

are important for establishing a national landslide inventory

including shallow landslides. The Swiss Federal Office for

the Environment (FOEN) launched a project in 2013 with

the objective to homogenize and merge the existing compre-

hensive but heterogeneous inventories into one national

database that will be publicly available for researchers and

practitioners. The ultimate goal of the national archive data-

base is to provide a basis to support the generation of hazard

maps and early warning systems. The paper presents a case

study from the Sachseln region, where event landslide inven-

tory was developed with 280 shallow landslides. Availabil-

ity of spatial information on (hydro)geology, soil properties,

soil wetness and vegetation are considered crucial for analy-

sis of shallow landslides aimed at developing regional early

warning systems.
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opment of a detailed landslide inventory for a temperate region in

Mexico by using very high resolution (VHR) satellite stereo-

images. In: Sassa K et al (eds) Landslide science for a safer

geoenvironment, Vol. 2. Springer, Heidelberg

Introduction: Landslide Inventories and Databases 785

http://osuwiska.pgi.gov.pl/
http://osuwiska.pgi.gov.pl/


Landslide Database for the Federal Republic of
Germany: A Tool for Analysis of Mass Movement
Processes

Bodo Damm and Martin Klose

Abstract

This contribution deals with an initiative to develop a national landslide database for the

Federal Republic of Germany. The paper highlights the structure and contents of this

database and outlines its system architecture that underlies the current database transfor-

mation. With this background, the paper examines the database potential for research on

landslide disaster impacts and hazard mitigation.

Due to systematic and continuous regional data compilation, the landslide database

offers a differentiated data pool of more than 5,000 data sets and over 13,000 single data

files. It dates back to 1137 AD and covers landslide sites throughout Germany. Besides

closing an important data gap at the European level, the database has a key function in the

country, as it integrates several existing landslide archives.

In seven major data blocks, the database stores information on landslide types,

dimensions, and processes as well as the connection of landslides to soil and rock

properties, geomorphometry, and climatic conditions. The database also includes data on

land-use effects and damage impacts, disaster mitigation, and landslide costs. A useful

feature is its capacity to support development of statistical data products, including time

series, index and threshold values, data tables, and diagrams.

The upcoming migration to PostgreSQL/PostGIS improves data storage and geospatial

data exploration. Furthermore, it enables the implementation of a WebGIS information

platform for knowledge transfer.

Keywords

National landslide database � Germany � PostgreSQL/PostGIS � Data mining � Process and
impact research � WebGIS

Introduction

Landslide databases are among the most important tools for

scientific and applied use related to the investigation, assess-

ment, and mitigation of landslides. Their capacity to store

diverse data on past landslide occurrence plays a key role in

landslide research and disaster management. Over the last

couple of years, the development of landslide databases has

been pushed forward in many parts of the world (e.g. Devoli

et al. 2007; Foster et al. 2012; USGS 2013; Van Den

Eeckhaut and Hervás 2012).

Today, there are national landslide databases available in

22 EU member states. These databases usually show huge

discrepancies in their content, integrity, format, and accessi-

bility. In most cases, they contain a table of core attributes,
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different geospatial data sets, and information on landslide

types and dimensions. Almost every database exists in elec-

tronic format and is part of a WebGIS application. Online

access, however, is often limited, and knowledge transfer is

frequently hampered by reduced data availability, technical

problems, and language barriers (e.g. Van Den Eeckhaut and

Hervás 2012).

Until recently, the Federal Republic of Germany was one

of the few countries in the European Union that held no

national landslide database. Although the development of

regional data inventories has been a research focus for years,

no concerted actions have been taken so far to store, orga-

nize, and manage existing landslide data sets in one

centralized database system. In a current research project,

the focus is therefore on data integration and the develop-

ment of a national landslide database for Germany. The

priority goals target not only the creation of this database,

but address also its scientific exploitation for improving

fundamental understanding of landslide phenomena on

trans-regional levels. From the end of 2013, the key actions

are focused on data exploration and analysis, including the

investigation of spatiotemporal landslide patterns and recur-

rence frequencies as well as research on landslide types,

dimensions, and dynamics, climate connections, and physi-

cal controlling factors. Further core topics concern types and

costs of landslide damage, vulnerability and exposure of

mobile objects and infrastructure, as well as effectiveness

of disaster response and hazard mitigation. Finally, special

emphasis is placed on the effects of planning or building

practices and land-use activity. On the other hand, the cur-

rent research project is concentrated on hazard communica-

tion and knowledge transfer. The primary objective is to

develop a WebGIS information platform that provides sta-

tistical data and research findings to the science community

and decision makers.

The basis of this landslide inventory initiative is the

trans-regional database “Mass Movements in German Sub-

dued Mountains” (Damm 2013). During recent years, this

database has been permanently updated and expanded by

systematic data compilation throughout Germany. Today,

it stores more than 5,000 data sets with over 13,000 single

data files and covers, besides the Central Uplands, several

key regions of the South German Scarplands, the Alpine

Foreland and the coasts of the North and Baltic Sea.

The database goes back to 1137 AD and considers all

types of mass movements, with a core focus on slide pro-

cesses and rockfall. This study presents the structure and

contents of the database and outlines its future architecture

and WebGIS design. Finally, examples of applying this

database in trans-regional landslide impact studies are

given.

Structure of the Database and Its Current
Migration

General Contents and Previous Database Model

The major purpose of the landslide database is to provide

scientific data for basic and applied landslide research in

Germany. At the beginning of the recent database migration

and re-organization process, a MS Excel# database is still

used to manage the data pool. The database structure is

composed of a number of related data sheets of which one

stores the basic raw data. In this data sheet, documented

landslides are registered chronologically in rows and their

text data sets and numerical information are compiled in

seven major data blocks. Each data block represents a certain

thematic area and includes a series of data tables. Besides a

set of key data and storage space for general landslide

documentation, there are data blocks with focus on landslide

processes, landslide impacts, and hazard mitigation. The

segmentation in aggregated data blocks, thematically related

data tables, and special data fields is defining the database

mask so far. This configuration guarantees logic and consis-

tent data storage and provides options for profound statisti-

cal data analysis. The storage of the analysis data is managed

in spread sheets connected with the database through

automatized data relations and links between the single tab

pages. Using customized routines and functions for statisti-

cal data exploration, the database stores different data

products and research results. This information is available

in form of time series, index and threshold values, data

tables, and diagrams. Apart from geospatial mapping data,

the database provides functionality and data capacity for a

broad spectrum of scientific and practical applications.

The spatial and temporal core data collected in this data-

base include information on occurrence date or times of

movement activity, geographic coordinates and landslide

location, administrative region, as well as available data

sources. A general documentation stores for each landslide

event all available text information and also quantitative

data sets. It typically includes a process description, mea-

surement data of landslide dimensions, site-specific soil,

vegetation or lithological data sets, as well as climatic

records. Furthermore, the database lists technical damage

profiles, land use information, and notes on landslide costs.

These thematic data sets are complemented by a validation

regarding the quality of the different types of information.

For the storage of numerical and statistical records, separate

data tables are used. In view of landslide processes, these are

ones focusing on process type, surface of rupture and vol-

ume, activity and velocity, slope gradient, as well as magni-

tude and slope stability. Two further data tables organize

information on causes and triggers of landslides. They are
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differentiated in natural and human factors and include

amongst others data sets related to rock strength and struc-

ture, erosional activity, slope water and moisture conditions,

ground shaking and vibration, artificial loads, and also

human slope disturbance. Additionally, this inventory

includes data tables that are geared to damage aspects and

practices of hazard mitigation. The data block on landslide

impacts stores information about types and levels of damage

at infrastructures and mobile objects as well as evidence on

personal injuries and casualties. Three data tables dealing

with hazard mitigation contain technical records on slope

remediation and protection and further information on site

management or non-structural mitigation measures. Finally,

all available economic loss data are totaled in a separate data

table giving information about landslide costs.

As early as today, the contents of this database open new

options for landslide process and impact research on large

spatial scales. The database already supported investigations

of tectonic-structural and soil physical predisposing factors,

analyses of climate and soil moisture relationships (Klose et al.

2012), hazard and cost modeling (Klose et al. 2014), as well as

evaluations of spatial planning practices (Damm 2006).

Information Sources and Concepts of Data
Collection

The landslide database stores data sets derived from a vari-

ety of different information sources (Fig. 1). Most of them

have the capacity to provide valuable data for landslide

research. The most frequent information sources are scien-

tific publications, government and agency records, geotech-

nical reports, as well as geoarchive and field data. An

important role is also played by emergency and press

reports, historical archive documents, and web information.

The concept of data collection is based on a two-tier

strategy, with elements of both regional data expansion and

local data specification. Usually, data collection is started

with systematic web content mining and the exploration of

online archives of emergency agencies, fire and police

departments, and news organizations. Using web and RSS

feeds and soon also a focused web crawler, this enables

effective nationwide data collection for recent landslides.

The acquisition of data on a national level is also supported

by data sharing with different research groups, state geolog-

ical surveys, departments of transportation, and spatial

planning agencies. On the basis of this body of information,

archive studies are performed to deepen and diversify the

data pool in key landslide areas with high data density. The

archive selection is guided by the data coverage in our

database and the results of the prior web analyses. To get a

representative view on process and damage patterns in cer-

tain case study regions, data retrieval is organized according

to spatial and thematic aspects.

A major part of relevant information is usually stored in

state, county, and city archives and the special records of

highway, forest, and waterway departments. In some cases,

there is also access to archives of construction and infra-

structure companies, which often include highly valuable

thematic data sets. At the beginning of archive studies,

press reports and chronicles provide first pieces of informa-

tion. In the next steps, data retrieval is more intensified, with

key focus on exploring special data from building files,

technical documentations, project accounting, or mainte-

nance records. Finally, this text information is combined

with geospatial data from topographic and geologic maps,

satellite imagery, and sometimes also digital elevation

models. The purpose of field studies is to prove the existing

data on a case-by-case basis and to complete them if neces-

sary. In the field, there is only time to collect basic process

Fig. 1 Information sources of

the landslide database for the

Federal Republic of Germany
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information and site-related data; nevertheless, the database

also integrates the results of periodic detail studies.

Future Database Architecture and WebGIS
Design

At the moment, the landslide database undergoes a far-

reaching transformation process with the overarching goal

to completely modernize the ways of data storage. The key

priority is to embed this inventory in a spatial data infra-

structure that provides functionality to store, manage, ana-

lyze, and present the data more efficiently. Special emphasis

is placed on the development of a spatial database system

that expands the options in advanced data exploration and

visualization while improving data persistency and integrity.

Apart from this, it is a necessary step towards effective data

presentation and knowledge transfer using a WebGIS

application.

The spatial database system has a client-server architec-

ture with centralized data storage on a virtual geodata server

hosted by the computing center (Fig. 2). With PostgreSQL/

PostGIS as the database management system, powerful

open-source software is used. This software is well qualified

to run optimally in an environment of Linux IBM

BladeCenter# servers. After server virtualization by apply-

ing XenServer#, the database system can be installed,

configured, and administrated from different workstations.

PostgreSQL forms, with its spatial extension PostGIS, a

high-end object-relational database engine that competes

with proprietary software. It features the full range of spatial

operations for geographical objects and supports connectiv-

ity to free statistical software, GIS programs, and web-based

data mining tools.

On the other side of the database, an OpenGIS web

service is implemented to provide data products and research

findings online. This WebGIS has a three-tier architecture,

including the database server, different middleware

components, and the web client. The data flow is organized

on the basis of UMN MapServer, Mapbender, and Apache

HTTP Server. Each of these open-source components fulfills

functions in the traffic of user requests and visualized data

return. Thus, Mapbender generates an interactive graphical

user interface that enables querying of data contents from a

standard web browser through navigating in a mapping

application. The WebGIS system is fully integrated in the

IT-infrastructure of the computing center.

Application in Trans-Regional Landslide Impact
Studies

Overview of Disaster Impacts and Direct
Damage Types

An exemplary data set for selected case study regions in the

German subdued mountains containing about 1,200 land-

slide events shows that mass movements primarily affect

traffic infrastructures in these parts of Germany (Fig. 3).

About 50 % of the documented landslides took place along

the highway and railroad network. The types of direct dam-

age can be roughly subsumed under ones concerning the

pure burial of facilities and ones with static-structural

effects. While traffic routes are mostly hit by shallow

landslides or small rockfalls, building damage refers most

often to loss or reduction of structural stability as result of

differential ground movement. Although with distinct lower

frequency, landslides are also recorded to cause damage at

hydraulic infrastructures and waterways, supply and dis-

posal facilities, as well as forest and agricultural areas. In

such damage statistics, however, it is difficult to summarize
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the relevance of insidious landslide damage. Thus, there is

evidence that in many communities of the Central Uplands,

creeping soil and slow slope deformation are responsible for

costly disruptions of critical lifelines, especially drain and

sewer systems. Finally, other facilities periodically affected

by destructive landslide activity are sports fields, mining

areas, graveyards, and sites of cultural heritage.

A closer look on the different types of damage at traffic

infrastructures shows that, besides failures of cut and fill

slopes, continuous settlement and subsidence in

embankments causes frequent damage. Additionally, col-

lapse or tilting of retaining walls and street lights, destruc-

tion of all kind of traffic safety facilities, and the high

vulnerability of rail tracks are important damage aspects

documented in the database. With regard to building infra-

structure, landslide damage is typically related to burial of

backyards and garden areas, crash or collapse of building

back walls, crack formation in walls and foundations, and

sometimes total structural deformation.

More importantly, landslides also have high human costs

and cause considerable damage to mobile objects. In many

cases, these damage events are related to car and train

accidents, which often implicate personal injuries and even

death of the people involved.

Analysis of Hazard Mitigation
and Its Effectiveness

Most infrastructure facilities in the German subdued

mountains affected by landslide damage are further used

after removal of debris or successful realization of mitiga-

tion measures. Permanent abandonment of use is primarily

at private homes and other non-commercial building types of

high relevance. Thus, more than 80 % of affected buildings

are vacated in the long run. This high percentage mainly

results of inefficient mitigation, since many times the costs

of maintaining structural integrity exceed the object’s mar-

ket value.

For traffic routes, mitigation is mostly economically

reasonable, although cases of permanent closure are

documented. The protection of roads and railway lines

located at the footslope of unstable soil or rock slopes is

dominated by simple and cost-effective practices. Rock and

Fig. 3 Landslide damage and

hazard mitigation in case study

regions of the German subdued

mountains in the period

1960–2013
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tree removal is usually the preferred solution for hazard

prevention (Fig. 3). It includes, besides hand scaling of

loose rock, soil, and vegetation, trimming of rock slopes

and critical overhang by rock blasting. Such operations are

always of temporary effectiveness and require short mainte-

nance cycles and periodic controls. Popular alternatives to

cope with risks of shallow soil slides and falling debris are

soldier pile walls, wire mesh fences, and rockfall drapery.

However, these simple mitigation measures are often under-

sized and fail under stress, causing serious accidents. The

installation of slope stabilization and rockfall protection

systems reduces these risks effectively. Among the most

common ones are flexible catch fences, soil or rock nailing

with mesh facing, and tied-back anchor walls. Many unsta-

ble soil slopes are also mitigated by concrete and masonry

gravity walls. A key role in slope remediation involves in

18 % of all cases the removal of unstable soil materials and

embankment fills. As long as the slope profile has to be

maintained, the slope is usually reconstructed by using sta-

ble and draining gravel soils. This type of repair is typical for

slope failures at road cuts and traffic embankments.

Finally, a recent trend is observed to minimize landslide

and liability risks by implementing oversized and expensive

protection systems. Finding the right balance in disaster miti-

gation is thus a crucial issue in hazard management. Knowl-

edge transfer can help to overcome these problems in future.

Discussion

Landslide databases play a major role in the modeling of

landslide susceptibility, hazard, and risk. Their data

potentials in process and impact research, however, are

still widely neglected. This is most likely the result of a

lack of concepts to identify information sources with com-

prehensive, but often hidden process and damage informa-

tion. On the other hand, the power and quality of available

data is still underestimated or explored rudimentarily, which

probably traces back to the absence of tools for being able to

extract and store such data in adequate landslide databases.

Furthermore, the fusion of archive and geospatial data is

rare, although data integration is seen as the key for success-

ful process and damage reconstruction. The experiences

show that in cases of systematic data retrieval and explora-

tion as well as proper structuring of the data, the investiga-

tion of landslide processes and impacts becomes possible,

even on trans-regional levels. However, some data are so

complex that their nationwide compilation can only be

realized incrementally, wherefore certain studies are still

confined to regions with a highly differentiated data basis.

Conclusions

The development of national landslide databases is a key

priority in achieving a fundamental understanding of the

nature of landslide phenomena in large areas. On the basis

of improved methods for data collection, it is now feasi-

ble to build comprehensive databases with the capacity to

store trans-regional data sets ranging from process

frequencies and intensities to landslide damage and haz-

ard mitigation. The systematic exploitation of such

databases opens a whole new window on landslide pro-

cess and impact research and finally helps to improve

efficiency in disaster risk reduction.
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Landslide Inventory of the Eastern Part of the
Gallipoli Peninsula (Canakkale, Turkey)

Gulseren Dagdelenler, Hakan A. Nefeslioglu, and Candan Gokceoglu

Abstract

In Turkey, landslides cause several types of damage in addition to causalities in every year.

Because of the losses caused by landslides, applications to reduce damage and losses

require the knowledge of current and potential spatial distribution of mass movements,

called a landslide inventory. For the present study, a comprehensive landslide inventory of

a landslide-prone area in Turkey, a part of Canakkale, Gallipoli Peninsula, was prepared. A

total of 211 landslides were identified and mapped; most are rotational. Employing the

landslide inventory, the possible causative factors of the landslides, considering their types

and dimensions are discussed.
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Introduction

During the First World War, at Canakkale sea and land

battles took place in the Gallipoli Peninsula. Sunken ships,

cannons, trenches, castles, towers, and a broad spectrum of

war artifacts, as well as more than 60,000 Turkish martyrs,

and again more than 250,000 war graves of soldiers from

Australia, New Zealand, British and French and memorials

are located here. For this reason, the southern part of

Gallipoli Peninsula, covering an area of 330 km2 on the

northern side of the Dardanelles, was declared as a Historical

National Park, and it is currently in the United Nations list of

National Parks and Protected Areas. Owing to the

characteristics of some parts of the Peninsula, the eastern

part of the Canakkale Gallipoli Peninsula was selected as the

study area. Despite its historical importance, there is no

detailed study investigating the landslide occurrences in

this region. In order to complete the landslide inventory of

the study area, inspection of Google Earth satellite images

and aerial photographs, as well as field checks, were carried

out during the preparation of a landslide inventory of the

region. As a result of the studies, a total of 211 landslides

were identified and mapped. The type of landslides observed

in the field are mostly rotational. The areal extent of the

smallest failure is approximately 4,837 m2 while the largest

one is 329,214 m2.

In the literature, there are different definitions of

landslides. In general, landslides affected by vegetation,

land use and human activities are defined as artificial,

while natural slope instabilities are controlled by the fre-

quency and intensity of rainfall and seismic events (Soeters

and Van Westen 1996). Today, hundreds of people lose their

lives due to landslides throughout the world, and these

landslides have a substantial impact on national economies.

Almost half of the loss of lives due to natural disasters in

Japan are caused by landslides (Dağ 2007). In Turkey, one of

the types of natural disasters that causes loss of many lives is

known to be mass movements (Ild{r 1995). Because of the

losses caused by landslides, planning for protection and to
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reduce losses requires a spatial distribution (inventory) of

the current and potential mass movements. Landslide inven-

tory maps are prepared for different purposes, including: (i)

showing the location and type of landslides in a region

(Antonini et al. 1993; Cardinali et al. 2001; Antonini et al.

2002), (ii) showing the effects of single landslide triggering

event, such as an earthquake (Harp and Jibson 1995, 1996),

an intense rainfall event (Bucknam et al. 2001) or a rapid

snowmelt event (Cardinali et al. 2000), (iii) showing the

abundance of mass movements (DeGraff 1985; DeGraff

and Canuti 1988; Guzzetti et al. 2000), (iv) determining

the frequency-area statistics of slope failures (Hovius et al.

1997, 2000; Guzzetti et al. 2002; Brardinoni et al. 2003;

Guthrie and Evans 2004a, b; Malamud et al. 2004), and (v)

providing relevant information to construct models of land-

slide susceptibility (Soeters and Van Westen 1996; Guzzetti

et al. 1999; Chung and Fabbri 1999, 2003, 2005) or hazard

(Guzzetti et al. 2005, 2006a, b).

The main purpose of the present study is to document the

location and the type of the landslides that have occurred in

the eastern part of the Gallipoli Peninsula in Canakkale in

Turkey. For this purpose, a landslide inventory was

established by using the observations acquired from field

work, aerial photographs and Google Earth satellite images

of the study area. Landslides were mapped by using 1/25,000

scale topographic maps. Based on observations as well as the

areal distributions of the failures mapped on the 1/25,000

scale topographical maps, a landslide inventory of the region

was produced.

General Characteristics of the Study Area

Description of the Study Area

The eastern part of Gallipoli Peninsula (Canakkale, Turkey)

was selected as the study area (Fig. 1). The study area covers

an area of about 233 km2 bounded by 1/25,000 scale national

map border layout in the east, Saros Gulf in the north,

Canakkale Strait in the south and alluvial valley bottom in

the west. According to the Meteorological Station in

Gallipoli, the average annual rainfall between 1958 and

2009 is 696 mm and for the last 50 years the average annual

temperature is calculated to be 14.8 �C (MGM 2007).

Geology and Stratigraphy of the Study Area

The Gallipoli Peninsula is geologically bordered by the

Ganos fault (Saroglu et al. 1987) in the north. An extension

of the southwest portion of this fault is located in Gulf of

Saros (Saroglu et al. 1987). The Peninsula is represented by

a northeast-southwest-trending monoclinal fold structure.

The main structure of the Peninsula is a reverse fault devel-

oped by this monocline folding (Saroglu et al. 1987).

Ophiolitic outcrops extend in a northeast-southwest

direction in the north of Ortaköy-Şarköy-Mürefte (Dönmez

et al. 2008). According to Dönmez et al. (2008), 13 different

types of lithology outcropped in the study area. The strati-

graphic sequence observed in the region is given in Fig. 2.

These units are defined as follows: Ophiolitic series, Ficitepe

Formation (pebble stone, sandstone, shale), Dededağ

Volcanites (andesite, dacite, tuff, ignimbrite), Korudağ

Member (sandstone, claystone), Ceylan Formation (turbitide

sandstone, claystone, marl, limestone), Kanlibent Member

(sandstone, mudstone, pebblestone), Kirazli Member

(pebblestone, sandstone, siltstone), Çamrakdere, Member

(mudstone, siltstone, sandstone, conglomerate), Alcitepe

Member (calcarenite, Mactraous limestone, sandstone,

marl), Bayramiç Formation (pebblestone, sandstone,

claystone), Travertine, old Alluvion and Alluvion deposits.

Tectonic Settings and Seismicity of the Study
Area

As mentioned above, the Gallipoli Peninsula is geologically

bordered by the Ganos fault in the north and the extension of

the southwest portion of this fault is in the Gulf of Saros.

Fig. 1 Location map of the study area
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When the seismotectonic map of the region is analyzed, it

indicates that earthquakes greater than 3 Mw are observed

rarely in the study area (Dagdelenler 2013). However, the

closest fault system to the study area is the active Ganos

fault, which is located approximately 15 km away from the

study area (Saroglu et al. 1987). Even though an active fault

system is very close to the study area, a shear zone due to

faulting in the study area is not observed.

Landslide Inventory

A landslide inventory is defined as a collection of data that

contains information on topics such as location, type, activ-

ity and physical properties of landslides in a region (Fell

et al. 2008). Landslide inventory maps are the terrain maps

showing the areal distribution of existing landslides. In this

study, the landslide inventory was prepared by considering

the observations acquired from field works, aerial

photographs and Google earth satellite images of the study

area.

The instabilities were mapped on 1/25,000 scale topo-

graphical maps. Based on the observations, as well as the

areal distributions of the failures recorded during the field

and laboratory studies, a landslide inventory of the region

was produced (Fig. 3). The landslides in the study area are

Fig. 2 Geological map of the study area (modified from Dönmez et al. 2008)

Fig. 3 Landslide inventory map of the study area
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mostly rotational (circular failure). Furthermore, there is no

discontinuity controlled planar failures in the study area.

Some example photographs of the landslides observed in

the study area are given in Fig. 4. Areal statistics of the

landslides are given in Fig. 5. The maximum landslide area

is 329,214 m2 and the minimum landslide area is 4,837 m2.

The mean area of the 211 landslides in the study area is

determined as 58,228 m2. The total area for the failures is

given as 12,286,315 m2 (Table 1).

Results and Discussions

Based on the results of the present study, a total of 211

landslides are defined in the region. The landslides observed

in the study area mostly occurred in the Camrakdere mem-

ber, consisting of mudstone, siltstone, sandstone, and con-

glomerate alternations, and the Ceylan formation, consisting

of sandstone, claystone, marl, and limestone alternations.

Since the topographic relief is not high in the area, the

mean slope gradient is observed to be about 10� on the

failures. Obviously, it should be noted that this statistic is

given for the already failed mass. The actual pre-failure

topography might be different from the recent one. In addi-

tion, considering the observation carried out during the field

Fig. 4 Some examples of landslides in the study area

Fig. 5 Histogram showing the areal distribution of the landslide areas

Table 1 Statistics for the landslide inventory map of the study area

Characteristics Value/dimension

The number of landslides (#) 211

Total landslide area (m2) 12,286,315

Minimum landslide area (m2) 4836

Maximum landslide area (m2) 329,213

Mean of the landslide areas (m2) 58,228

Median of the landslide areas (m2) 39,435

Mode (m2) 32,035
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studies, the landslides mapped in the inventory studies are

evaluated as being active. Therefore, considering the histor-

ical importance of the region, the landslide inventory of the

study area is highly crucial for further mitigation as well as

planning applications.
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ilgili uygulamalar. 2. Ulusal Heyelan Sempozyumu Bildiriler

Kitab{, Sakarya, 1–9
Malamud BD, Turcotte DL, Guzzetti F, Reichenbach P (2004) Land-

slide inventories and their statistical properties. Earth Surf Process

Landf 29(6):687–711

MGM (2007) Meteoroloji Genel Müdürlüğü. http://www.mgm.gov.tr/
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GIS-Based Integration of Heterogeneous Data
for a Multi-temporal Landslide Inventory

Darya Golovko, Sigrid Roessner, Robert Behling, Hans-Ulrich Wetzel,
and Hermann Kaufmann

Abstract

Southern Kyrgyzstan is a region of high landslide activity that frequently endangers human

lives and infrastructure. So far, precise spatio-temporal information on landslide activity

has been limited, although landslide occurrence in this area has been investigated for the

last 60 years by local authorities. The establishment of a comprehensive landslide inventory

is a prerequisite for carrying out objective landslide hazard assessment. For this purpose,

multiple sources of information about slope failures are analyzed with the goal of

establishing a spatially and temporally consistent multi-temporal landslide inventory at a

regional scale. In this context, the potential of satellite remote sensing and GIS based

analysis is investigated. The paper describes the developed approach for multi-source

landslide mapping and demonstrates its application to the Budalyk valley test site.

Keywords

Landslide inventory � Data integration � Kyrgyzstan

Introduction

Southern Kyrgyzstan is an area of high landslide activity that

frequently results in the loss of human lives and damage to

buildings and infrastructure. Landslides are especially

concentrated along the Eastern rim of the Fergana Basin

(Fig. 1). This area of about 12,000 km2 administratively

covers the Osh and Jalalabad districts (oblasts). The region

belongs to the foothill zone of the adjacent high mountain

areas and is situated at elevations between 700 and

2,000 m a.s.l. Large landslides occur mostly within weakly

consolidated Mesozoic and Cenozoic sediments which have

been subjected to ongoing tectonic deformation (Wetzel

et al. 2000). The topographically high rim of the Eastern

Fergana Basin presents a barrier to the prevailing westerlies,

leading to increased precipitation levels in comparison to the

areas that lie further east. All of these factors create favor-

able conditions for the extensive development of landslides

in this area. At the same time, the region represents an

important human living space. Therefore, there is a big

need for a spatially differentiated assessment of landslide

hazard and risk. In this context, the establishment of a

spatially and temporally consistent multi-temporal landslide

inventory is of high importance.

A wide range of methods and approaches have already

been developed in order to carry out landslide inventories.

They are comprehensively discussed by Guzzetti et al.

(2012), distinguishing between archive-based, historical,

event-based, seasonal and multi-temporal inventories.

Event-based and seasonal inventories are suitable for regions

where most of the landslide activity is related to major

triggering events, such as strong earthquakes, typhoons,

and periods of heavy precipitation. In the landslide-affected

area of Southern Kyrgyzstan, most of the slope failures

are the result of complex interplays between different

predisposing and triggering factors which have not been
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fully understood yet. Consequently, landslide occurrence

cannot be related to specific triggering events. Therefore,

improved understanding of landslide processes in Southern

Kyrgyzstan requires regular monitoring of landslide activity

in order to establish a multi-temporal landslide inventory.

Because the area affected by landslides is large (regional

scale) and some of its areas are difficult to access, field-

based landslide mapping is very time-consuming and diffi-

cult in the study area. Therefore, the establishment of a

comprehensive landslide inventory requires incorporating

information from all available sources, as well as using

multi-temporal satellite remote sensing data as a consistent

archive of surface conditions over large areas.

The objective of this study is the establishment of a

landslide inventory for the area of high landslide activity in

Southern Kyrgyzstan using satellite remote sensing and a

GIS-based approach. The inventory should contain spatially

and temporally explicit information about single landslide

events, as well as complex landslide-prone slopes which

have been subject to several phases of reactivation. The

resulting GIS-based multi-temporal landslide inventory is

required for deriving probabilities for probabilistic landslide

hazard assessment (Guzzetti et al. 2005). Such an inventory

has not been compiled yet for this region.

Data Sources of Landslide Information

The establishment of a multi-temporal landslide inventory

for Southern Kyrgyzstan is a challenging task since the

existing information on landslide failures is very heteroge-

neous. On the one hand, multiple sources of landslide data

are available. They include data obtained from Kyrgyzstan’s
authorities, landslide mapping conducted during field

campaigns, and results of manual interpretation of mono-

and multi-temporal satellite images, as well as landslides

which have been automatically detected from a multi-

temporal satellite image database (Fig. 2). On the other

hand, these sources vary in the time periods they cover,

their spatial and temporal completeness as well as their

accuracy. Furthermore, these landslide data are of analogue

and digital origin and they have different formats, such as

verbal description, tabular data, and vector information

(points and polygons). In the following, we give a detailed

overview of the available sources of landslide information.

In the following sections, this description is illustrated by

example by showing the data situation for the Budalyk

valley next to the town of Gulcha in Osh district. Its location

within the study region is shown in Fig. 1. However, infor-

mation assessment has been carried out for the entire area of

high landslide activity.

Landslide Data from Kyrgyzstan’s Authorities

Since the 1950s, landslide investigations have been carried

out in this region (Roessner et al. 2005). Regular monitoring

of endangered areas was conducted from the 1960s until

the break-up of the Soviet Union at the beginning of the

1990s. These activities also included extensive field-based

mapping of landslides as well as detailed engineering geo-

logical investigations. The main goal had been the timely

warning of the population and, if necessary, their evacuation

and resettlement. However, after the independence of

Kyrgyzstan, the possibilities for landslide investigations

and monitoring have been drastically reduced. Furthermore,

significant parts of the already existing data (e.g. maps and

reports) are no longer available or their use is limited

because of the loss of accompanying information related to

methods, data sources, etc.

An important source of information on past landslide

failures is the report “Monitoring of Landslides of

Kyrgyzstan” (Ibatulin 2011). The report presents a descrip-

tion of selected landslide failures which have been observed

mainly during field investigations between the 1970s and

2005. For some of the landslides, the report contains a

very detailed verbal description, including results from

Fig. 1 Study area (yellow) and Budalyk valley (green) in Southern

Kyrgyzstan

Fig. 2 Overview of main sources of data on landslide occurrence for

Southern Kyrgyzstan
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geotechnical investigations of the potentially dangerous

slopes. The report also includes precise time information

about landslide events; in most cases the day of failure is

known, and for some events even the hour of the day. For

failures occurring before 1990, the report is the only source

of temporal information on slope failures, which have not

been documented otherwise.

However, using data from the report is problematic

because of the verbal description of the landslide informa-

tion. It is difficult to find the geographic location of some of

the described landslides, and in most cases it is impossible to

determine the spatial extent of the slope failures. Another

problem is that the report only documents large landslides,

landslides in inhabited areas and areas visited by landslide

experts responsible for monitoring. Therefore, the resulting

landslide information is biased towards the needs of civil

protection. In Fig. 3 the landslides contained in the report are

outlined in orange. They represent only a subset of slope

failures in this area.

Moreover, employees of the Ministry of Emergency

Situations of Kyrgyzstan visited selected areas affected by

landslides between the years 2002 and 2011 and recorded

new landslides. The results of these surveys are available in

form of tables. They represent only a small number of

landslides which occurred in inhabited areas. In Fig. 3 they

are shown by pink dots. Their location is represented in the

table by a pair of x- and y-coordinates. However, their

spatial extent is not documented. The only temporal infor-

mation is the date of field mapping, whereas the time of the

actual failure is mostly unknown.

Landslide Data from Field Mapping

The Remote Sensing section of the German Research Centre

for Geosciences (GFZ) has been conducting field work in

Southern Kyrgyzstan since 1998 in cooperation with the

Ministry of Emergency Situations of Kyrgyzstan. During

this time, repetitive field work has been carried out, includ-

ing selective landslide mapping. Landslide locations were

recorded by GPS and documented by field photos. They

have been spatially referenced by linking them to the GPS

waypoints and integrated into the GIS using the extension

ArcPhoto in ArcGIS. During these field investigations, addi-

tional information about the landslides, such as date of

failure, mechanism, estimated volume and state of investi-

gation were provided by the experts of the Ministry of

Emergency Situations of Kyrgyzstan as well as by local

residents. Field mapping was supported by satellite remote

sensing data in order to map the spatial extent of the

landslides, which often could not be determined in the field

due to the large extent and difficult accessibility of the

landslides. Because of the large area affected by landslides,

each of these field campaigns could cover only selected

parts. However, many landslide prone slopes have been

revisited several times and thus the resulting photo docu-

mentation allows analysis of the temporal development of

these slopes (e.g. revegetation).

Expert Interpretation of Satellite Images

Landslide mapping conducted during field investigations has

been extended by expert interpretation of satellite remote

sensing data in combination with a DEM, using the perspec-

tive visualization capabilities of a GIS (Roessner et al.

2005). As a result, landslide scarps and masses have been

determined systematically for the whole area of interest

(Fig. 4). The interpretation also includes information about

geological structures and other landslide predisposing

factors in the analysis. This method is especially suitable

for mapping landslide-prone slopes which have experienced

several phases of reactivation resulting in complex morpho-

logical structures. However, this integrative mapping

method cannot provide differentiated information on the

dates of slope failures on an event basis. They have to be

added from other sources when available. Furthermore, the

method is labor-intensive and mostly used for initial land-

slide mapping.

Multi-temporal Analysis of Satellite Images

In order to establish a dynamic landslide inventory

containing the temporal evolution of landslide-prone slopes,

multi-temporal analysis of satellite remote sensing data has

to be carried out. For the area of high landslide activity, a

multi-temporal and multi-sensor satellite remote sensing

database has been established starting in 1986 (Behling

et al. 2012). It enables analysis of landslide occurrence in

Fig. 3 Landslides reported by the Ministry of Emergency Situations of

Kyrgyzstan and landslides mapped during field work
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multiple time steps. For this purpose, images of consecutive

time steps were compared visually and changes were

digitized. Since this method is very labor-intensive, it has

been applied only for selected subsets of the study area, such

as the Budalyk valley (Fig. 5). As a result, landslide events

have been mapped with higher temporal resolution and

spatial precision, allowing reconstruction of the evolution

of landslide-prone slopes. The temporal resolution is deter-

mined by availability of satellite images, which is better in

recent years since 2000 and more limited for the years

before.

However, visual interpretation of multi-temporal satellite

imagery is very time-consuming and characterized by a

certain degree of subjectivity. Therefore, an automated

approach for landslide detection has been developed at the

Remote Sensing Section of the German Centre for

Geosciences using the established multi-temporal satellite

remote sensing database (Behling et al. 2013). This approach

allows the analysis of large areas in multiple time steps.

Figure 6 shows the results that have been obtained for the

area of the Budalyk valley from high-resolution RapidEye

satellite data acquired between 2009 and 2013. In this rela-

tively small area, multiple small mass movements and one

large slope failure could be detected that had not been known

otherwise. Using this method for the complete study area,

about 250 landslides have been detected automatically. Dur-

ing the same period, the Ministry of Emergency Situations

only reported about 40 landslide events. Thus, the developed

approach yields excellent possibilities for efficient landslide

detection over large areas, allowing regular updates of

existing landslide inventories as new satellite remote sensing

data become available.

Approach for GIS-Based Data Integration

Integration of all of the described landslide information

sources into a GIS-based system requires the establishment

of a common spatial reference. In this study, the spatially

adjusted multi-temporal RapidEye data stack has been used

as the spatial reference (Behling et al. 2012). In case of the

report by Ibatulin (2011), the verbal landslide descriptions

were transformed into spatially explicit information using

high-resolution RapidEye satellite imagery in combination

with a scanned 1:100,000 topographic map. Some of the

described slope failures were difficult to locate because

distinct morphological features could not be visually

interpreted from the remote sensing data, since these traces

had largely been eroded. Furthermore, the names of some of

the villages were changed after the collapse of the Soviet

Union. For location of landslide events contained in the

report we also used the results of our own field-based

Fig. 5 Results of manual landslide mapping using multi-temporal

satellite images

Fig. 4 Results of landslide scarps and masses interpreted from mono-

temporal satellite images

Fig. 6 Results of automated landslide detection from RapidEye data in

2009–2013
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mapping. Landslide location has often required careful con-

sideration of slope failures documented in multiple data

sources. In such cases, we used these repeated entries to

verify the data, correct possible errors, improve locations

of the landslides and determine the time of their failures with

higher precision. After all data sources were converted into a

spatially explicit form, they were transformed to UTM/

WGS84 as the common spatial projection.

Even though multiple sources of data on landslides have

been used, all of them provide information on only a subset

of slope failures in the study area. The degree of complete-

ness varies with time for different sources. For example,

remote-sensing-based landslide identification can deliver

data on recent slope failures, whereas the report by Ibatulin

(2011) is suitable for extracting historical information. The

landslide report by Ibatulin (2011) contains detailed infor-

mation on the dates of slope failures in inhabited areas, but

the location and spatial extent of the described landslides are

often ambiguous. On the other hand, visual and automated

landslide detection from satellite images offers higher spa-

tial precision but less precise dating of landslide events,

regardless of their proximity to settlements. The different

landslide data sources are ambiguous in the discrimination

between the spatial extent of single landslide failures and

landslide-prone slopes, which are the result of multiple

failures. Whereas temporal information on the landslide

events typically refers to single failures within a larger

slope, usually the whole landslide-prone slope is considered,

because the information on landslide-prone slopes provided

by Kyrgyzstan’s authorities usually does not contain their

spatial extent. In such cases, the spatial extent of landslides

needs to be determined subsequently based on satellite imag-

ery. To discriminate between single failures and landslide-

prone slopes, adequate mapping units need to be chosen.

Such mapping units are important for subsequent hazard

assessment. They can comprise slope units derived from

DEM-based watershed delineation, administrative units

and other spatial units (Guzzetti et al. 1999; Süzen and

Doyuran 2004). In this study, slope units were found to be

the most suitable mapping units, since they reflect physical

characteristics of the surface rather than an outcome of

random sampling (Fig. 7).

Results

As a result of the GIS-based integration of the landslide data

with careful consideration of temporal information and doc-

umentation of repeated landslide failures within the same

slope, we have obtained a multi-temporal landslide inven-

tory system for Southern Kyrgyzstan. Due to the use of

remote sensing, it has been possible to produce an inventory

of an objective and regional character. This inventory

contains a total of over 550 landslides which were identified

by different methods from various sources of information.

Table 1 gives an overview of the detected landslides.

Besides the data on the location of a given landslide and

known dates of its failure, the landslide inventory informa-

tion system is capable of storing commonly assessed land-

slide attributes, such as area, length, slope angle and

exposition, etc. Many of these values can be calculated

within a GIS. Furthermore, the landslide inventory informa-

tion system will include data on landslide triggering and

predisposing factors within the same spatial reference. The

described GIS-based system facilitates the joint analysis of

the available spatial data on landslides as the basis for a

regional landslide hazard assessment.

The automated method for landslide detection from

multi-temporal satellite images enables updates of existing

landslide inventories that are more precise and less time-

consuming compared to other methods. The updated inven-

tory is the basis for carrying out repeated hazard assessment

and verifying results of previous analyses. This way it has

been possible to establish a dynamic landslide inventory as a

main prerequisite for dynamic landslide hazard assessment.

Fig. 7 Slope units derived from SRTM DEM with 30 m resolution

near the settlement of Gulcha

Table 1 Components of landslide inventory obtained from different

data sources and their properties

Source

Period

covered

Number of

landslides

Landslide

area, km2

Report by Ibatulin

(2011)

1970–2005 72 25.4

Ministry tables 2002–2011 73 Point data

Field mapping Not dated 263 105.8

Expert

interpretation

Not dated n/a 172.9

Automated

detection

2009–2013 250 5.5
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Discussion

The integration of landslide data in a single GIS-based

system provides the capabilities for establishing a dynamic

landslide inventory, including the opportunity for more effi-

cient data access, verification and updates. In this context

satellite remote sensing plays an important role in the com-

pilation of a multi-temporal landslide inventory at a regional

scale. Firstly, it is the central source of objective information

on land cover change at the regional level. It is the basis for

both manual and automated landslide detection and thus

enables a significantly higher level of inventory complete-

ness. Secondly, satellite images and DEMs provide the com-

mon spatial reference for adjusting heterogeneous landslide

data and enable an improved spatial and temporal character-

ization of landslides. Thirdly, new satellite images can be

acquired and serve as the source of data for updates of an

already existing inventory and thus be a step towards a

continuous monitoring system of landslide activity.

In our future work, we plan to use the compiled landslide

inventory for landslide hazard assessment, which will

include the analysis of spatial and temporal probability of

landslide failures. Furthermore, we plan to continue

updating the established landslide inventory using newly

available satellite remote sensing data. This way, we will

contribute to an improved process understanding in this area

of high landslide activity which in a next step can be related

to landslide predisposing and triggering factors, such as

precipitation, seismic and tectonic activity as well as

lithological and structural conditions.
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Investigating and Managing Shallow Landslides
in Switzerland

Josef Hess, Christian Rickli, Brian McArdell, and Manfred Stähli

Abstract

During the past 40 years, shallow landslides triggered by intensive rain fall caused damage

costs of >520 million Euros in Switzerland. These landslides have been mainly associated

with relatively few storm events of extreme intensity. The Swiss Federal Office of the

Environment, together with partners from cantons, research institutes and private

companies, systematically investigated such events with regard to the occurrence and

properties of shallow landslides. Comprehensive inventories of shallow landslides were

collected, e.g. in the regions of Sachseln (1997), Appenzell (2002) and Emmental (2002

and 2005), resulting in a national data base that is currently being developed. This data base

of observed shallow landslides will be a key-tool for future risk management in

Switzerland, e.g. as a basis to support the generation of hazard maps and early warning

systems. Risk management is also promoted by ongoing focused research on the triggering

of shallow landslides, which is carried out within the ETH Competence Centre Environ-

ment and Sustainability (CCES).

Keywords

Shallow landslides � Switzerland � Risk management

Introduction

For Switzerland, with a large extent being located in alpine

and sub-alpine areas, shallow landslides pose a substantial

risk to humans and infrastructure. In the period from 1972 to

2007, total costs of 520 million Euros originating from

landslides have been estimated, based on a systematic sur-

vey of natural hazard damage by the Swiss Federal Institute

WSL (Hilker et al. 2009).

Typical for Switzerland, shallow landslides have been

triggered during relatively rare, but very intensive rainfall

events. Such events can be either very local as a conse-

quence of concentrated short-term storm cells, such as in

the case of Sachseln, central Switzerland, (area:<10 km2) in

August 1997 (see below). Or they can be long-standing and

affect a large part of the country as in August 2005 (Fig. 1).

Inventories of Shallow Landslides

Overview

Information related to the occurrence and to topographical,

soil and vegetation attributes of shallow landslides had been

sparse until in the late 1990s, when the Swiss Federal

Research Institute WSL started systematic landslide moni-

toring after major storm events. Instead of a global Swiss-

wide survey, the researchers concentrated on specific
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watersheds of a few square kilometers size with a particu-

larly high density of landslides, which allowed the gathering

of a wide range of information on soil types, conditions,

surface properties and vegetation.

The data from the focus areas Sachslen (1997; see below),

Appenzell (2002), Emmental (2002 and 2005), Entlebuch

(2005) and Prättigau (2005), with a total of 522 mapped

shallow landslides, have been extensively used to assess

the main controls of landslide occurrence (Rickli and Graf

2009), to estimate rain intensity-duration thresholds

(Bezzola and Hegg 2008), and to test geostatistical methods

(Von Ruette et al. 2011), as well as to validate landslide

susceptibility models (Von Ruette et al. 2013).

Case Study Sachseln

On the 15th of August 1997 an extreme thunderstorm with

heavy rainfall triggered a large number of shallow landslides

in the region of Sachseln, central Switzerland (Fig. 2). A

considerable part of the soil material mobilized by the

landslides reached the steep torrents above the village and

contributed to a massive debris flow.

This event provided an opportunity to investigate the

effects of different types of forest management and land

use on landslide activity. Following a systematic protocol,

280 shallow landslides were analyzed, including geological

and geotechnical parameters, as well as specific aspects of

soil and vegetation. The data analysis by Rickli (2001)

confirmed that slope inclination and specific geological

characteristics are closely related to the occurrence of

shallow landslides. Furthermore, the data indicated that the

type of vegetation and, in particular, the condition and struc-

ture of the forest, considerably influenced the stability of

steep slopes (Fig. 3).

Towards a National Database

Inventories of observed shallow landslides have been assem-

bled not only by the Swiss Federal Research Institute WSL,

but also by Cantonal authorities and private engineering

offices. As they were commissioned by different parties

and served different specific purposes, these inventories are

heterogeneous with respect to mapped parameters, database

structure and geographic extent.

Recognizing the great value of these inventories for an

improved national risk management of landslides, the Swiss

Federal Office for the Environment (FOEN) launched a

project in 2013 with the objective to homogenize and

merge the different inventories into one national database

that will be publicly available for researchers and

practitioners. The ultimate goal of the database is to provide

a basis for testing new concepts for predicting the probabil-

ity of landslide occurrence, testing early-warning concepts,

to evaluate if a given landslide or hillslope will produce

landslides or hillslope debris flows, and to predict the

resulting process intensities. In addition, such a database

should be useful for dimensioning mitigation measures and

identifying which areas are unusually susceptible to future

landslide activity as part of hazard risk management. The

database is also meant to be the framework for future

inventories and may become a possible model for other

countries.

Fig. 1 Map of Switzerland indicating the locations of observed shal-

low (brown dots) and deep-seated (green dots) landslides after the

storm event of August 2005. Locations of in-depth inventories are

indicated by green circles (Bezzola and Hegg 2007)

Fig. 2 Shallow landslides of several hundred m3 size, each triggered

by heavy rainfall in the area of Sachseln, Switzerland
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Focused Research on the Triggering of Shallow
Landslides

The Research Project TRAMM

Another important element of the Swiss risk management

strategy is targeted research. For example, in 2006 eight

research groups of the ETH domain joined forces to shed

new light on processes controlling onset of rapid mass

movements. In the frame of the project TRAMM—Trigger-

ing of Rapid Mass Movements in Steep Terrain—they

developed model approaches and sensors applicable to mon-

itoring and quantifying various forms of hazardous mass

movements.

A notable achievement of TRAMM has been the perfor-

mance of unique large-scale field experiments for inducing

landslides that were possible only through close collabora-

tion among the different expert groups. For example, in

March 2009 an experimental landslide was closely observed

on a 8 m � 40 m large, approximately 40o inclined slope at

the border of the Rhine river, which had been artificially

irrigated until failure (Fig. 4). Measurements of soil wetting,

pre-event soil surface movements and precursors provided

new insights into the formation of such landslides.

Such experiments are a rare but very useful reference for

direct validation of numerical models. In addition to classi-

cal hydromechanical models (e.g. Laloui and Nuth 2009),

TRAMM developed also other physical concepts (fiber bun-

dle models, Self-Organized Criticality) simulating material

failure and mass release as progressive failure culminating in

hazardous mass movement (Lehmann and Or 2012). Such

models can be applied at the scale of entire watersheds and

be compared with the spatial landslide inventory presented

above (Von Ruette et al. 2013).

Towards a New Generation of Early Warning
Systems

An ultimate goal of the ongoing research is the early recog-

nition of critical situations where shallow landslides are

likely to be triggered, which would allow authorities to

issue warnings. While early warning systems (EWS) have

been established for rock fall and debris flows at specific

locations with a known risk, regional early warning systems

for landslides have been very scarce worldwide.

Early warning systems based solely on precipitation

thresholds have been shown to be difficult to generalize

(Fig. 5). It seems quite obvious that spatial information on

(hydro)geology, soil properties, soil wetness and vegetation

have to be accounted for in regional early warning systems.

Combinations of new sensor networks and spatial numerical

models are a promising avenue toward such future warning

systems. Such networks may also include new sensors for

real-time monitoring of acoustic emissions associated with

precursory events (Michlmayr et al. 2012).

Conclusions and Outlook

In the past few decades, Switzerland has stepped up

efforts to better get insight into the mechanisms and

Fig. 3 Number of shallow

landslides per hectare (L/ha) in

relation to forest conditions,

observed in the Sachseln area

after the storm of August 15, 1997

Fig. 4 Experimental landslide triggered by irrigation in the framework

of the research project TRAMM (Springman et al. 2012). A compre-

hensive set of measurements provided insight into the wetting of the

soil as well as precursors and movements prior to the release
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controls of shallow landslides. The inventories described

in this paper, as well as dedicated research, clearly helped

to advance the understanding of landslide processes as

well as the management of shallow landslides. Neverthe-

less, we are still a great step away from accurate and

reliable early warning systems for entire regions. This

will be a challenge for the forthcoming years.
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Global Catalog of Rainfall-Triggered Landslides for
Spatial and Temporal Hazard Characterization

Dalia Kirschbaum

Abstract

It is well known that extreme or prolonged rainfall is the dominant trigger of landslides;

however, there remain large uncertainties in characterizing the distribution of these hazards

and meteorological triggers at the global scale. We have developed a Global Landslide

Catalog (GLC), available from 2007 to the present, which contains information on reported

rainfall-triggered landslide events around the world using online media reports, disaster

databases, etc. This database is being input into a map-based viewable interface. Three

applications of this landslide database are outlined in this study. These applications include:

(1) characterizing the spatial and temporal distribution of reported landslides and fatalities

over the GLC record; (2) evaluating the co-occurrence of precipitation and rainfall-

triggered landslides globally; and (3) calibrating and validating a regional landslide hazard

algorithm for Mesoamerica.

Keywords

Landslide inventory � Online database � Satellite precipitation

Introduction

Despite the pervasive impacts rainfall-triggered landslides

have on populations throughout the world, there remain

large uncertainties in where and when these landslides

occur and how they vary over space and time. In order to

examine modulations in rainfall-triggered landslide activity

and reporting, the Global Landslide Catalog (GLC) was

created based on media reports, online disaster databases

and other sources. This database has also been found valu-

able for evaluating regional and global landslide hazard

assessment models, as well as to better understand the

linkages between observed satellite precipitation and

reported landslide activity. This article presents an overview

of the GLC, outlining some preliminary findings for data

over the years 2007–2012, evaluating the co-occurrence of

GLC events with satellite precipitation, and highlighting

an application of the GLC for landslide hazard model

evaluation.

Global Landslide Catalog

The GLC represents the first database of its kind to catalog

reported rapidly-moving, rainfall-triggered landslides within

the recent past at the global scale. The catalog currently

contains seven complete years of data (2007–2013) with

continued reporting through the present. The catalog is com-

piled from online media reports, disaster databases, and

other relevant information. Each reported landslide includes

information on several aspects of the event, which are

documented in Kirschbaum et al. 2010. These categories

include:

• Date

• Coordinates

• Country

• Nearest geographic place
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• Hazard type (landslide, debris flow, rock avalanche, etc.)

• Trigger (rain, tropical cyclone, etc.)

• Fatalities and impacts

• Location accuracy (exact location, known within 1 km,

known within 5 km, etc.)

• Landslide size (small, medium, large, catastrophic)

• Source

The GLC represents a minimum number of rainfall-

triggered landslides around the world due to numerous

reporting issues. These include reporting biases due to

regional differences in reporting accuracy, missed events,

and language barriers. It is often difficult to determine an

accurate location for the reported event due to lack of infor-

mation or difficulty in finding the cited location. At present,

the GLC only contains information obtained from primarily

English-speaking media, thus there are large gaps over areas

where these sources are not available. Lastly, it is difficult to

differentiate landslides from other triggering hazards includ-

ing tropical cyclones, floods and other human impacts.

Despite these challenges, this catalog provides a foundation

for exploring where and when reported landslides have

occurred and characterizing hotspots for both landslides

and extreme rainfall activity.

Applications of the GLC

The GLC database has been used for a range of different

studies. This paper presents three applications of the GLC:

evaluation of spatio-temporal trends, analysing patterns of

landslide reports and rainfall in 2010, and validation of a

landslide hazard algorithm.

GLC Spatial and Temporal Trends

The database for 2007–2012 contains 4,700 reports from

112 countries. The GLC indicates that there is a general

peak in landslide reports and fatalities during the Northern

Hemisphere summer, peaking in August when the Asian

monsoon and cyclone seasons are typically at a peak.

Figures 1 and 2 highlight some example statistics from

2007–2012.

Landslides and Rainfall in 2010

When considering the total number of rainfall-triggered

landslides by year from 2007–2012, it was apparent that

2010 had significantly more reported landslides relative to

other years (Fig. 3). There were several significant events

that occurred in 2010 that contributed to high fatality

estimates. For example, a catastrophic mudslide occurred

in Zhouqu County in Gansu, China on August 8th, 2010

which killed 1,765 people and resulted in an estimated 759

million USD in damage (EM-DAT 2011). Additional dam-

aging landslides occurred in Bududa, Uganda in March

causing nearly 400 fatalities; Leh in Ladakh, Indian Kashmir

in August, which resulted in an estimated 245 fatalities; and

a series of events in eastern Brazil during January and April

which killed over 700 people. Media reports identified

intense rainfall as the trigger for each of these events,

which mobilized large volumes of material and interacted

with the local morphology to generate catastrophic

landslides.

A study by Kirschbaum et al. (2012a) examines how

landslide reports for selected areas in 2010 compared to

accumulated and extreme precipitation. Tropical Rainfall

Measuring Mission (TRMM; http://www.trmm.nasa.gov)

Multi-satellite Precipitation Analysis (TMPA) data was

extracted for 13 years from 1998–2010 and the rainfall

values were compared for 2010 and previous years.

Kirschbaum et al. (2012a) examined the co-occurrence of

landslides in the GLC and TMPA precipitation in order to

quantitatively determine how these datasets may relate to

each other in terms of the spatial distribution of extreme

rainfall and the occurrence of landslide “hotspots” over the

globe.

600

500

400

300

200

La
nd

sl
id

e 
R

ep
or

ts
F

at
al

iti
es

100

0

2000
1800

Aug fatalities = 3783
1600
1400
1200
1000

800
600
400
200

0

Jan Feb

Reported landslides: 2007-2012a

b Reported landslides: 2007-2012

Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 1 Results of the GLC for 2007–2012 showing (a) reported

landslides and (b) fatalities by month. The peak in August occurred

as the result of two major events in August 2010 in China and India.

The peak in January is due to several major events taking place near Rio

de Janeiro, Brazil
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Three study areas were chosen to evaluate the co-

occurrence of landslides and rainfall for 2010. Central Amer-

ica, the Himalayan arc and Central China were identified as

regions with continuous reporting over the GLC record with

above normal reporting in 2010 (Fig. 4). Other regions were

identified and evaluated but are not included in this study.

Precipitation and landslide reports were compared for the

three areas and to look at monthly accumulated rainfall,

extreme daily rainfall and quantile estimations of daily pre-

cipitation. Figure 5 shows the results for the Central Ameri-

can region. Results from this study indicate that an

observable signal exists between increases in reported and

fatal landslide activity and increases in precipitation accu-

mulation and daily intensity for two out of the three study

areas. Findings over the China test region are less conclusive

due to the limited number of landslide reports and accuracy

of information for this test area.

Through this case study for 2010, evaluation of the GLC

with satellite precipitation indicates that TRMM data may be

used to identify locations where we may be missing land-

slide reports and TRMM data could be used to produce a

landslide climatology over the historical record. Conversely,

in areas that are considered to have reliable reporting, the

GLC may be used to identify peak rainfall intensities that

may be poorly resolved by current satellite instruments.

Further work is needed to characterize consistent, robust

relationships between rainfall and GLC reports over time

and in different regions.

Calibration and Validation of a Landslide Hazard
Algorithm

A prototype global satellite-based landslide hazard algo-

rithm has been developed to identify areas that exhibit a

high potential for landslide activity. The algorithm combines

a calculation of landslide susceptibility with satellite-derived

rainfall estimates, which are made every 3 h based on the

TMPA real time data product (Fig. 6) (Hong et al. 2006,

2007). The algorithm framework is shown in Fig. 6. The

GLC was used to evaluate the global landslide algorithm for

2003 (experimental GLC database) and 2007. The algorithm

was run retrospectively and algorithm outputs were com-

pared with the spatial and temporal distribution of GLC

events for their respective years (Kirschbaum et al. 2009).

Results of this evaluation indicate that while there

were several areas of good model performance, there were

also several challenges, including the model resolution

Fig. 2 Distribution of triggering

sources for the GLC

Fig. 3 Comparison of landslide

reports (blue) and landslide

fatalities (red) for 2007–2012
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Fig. 4 Distribution of landslide reports for the years 2007–2010,

showing (a) reported and (b) fatal landslides in North and South

America, and (c) reported and (d) fatal landslides in Asia and Oceania.

The boxes denote the three study areas: Central America, Himalayan

Arc, and central-eastern China. Circles denote landslides for 2010, plus

signs display other years. The color denotes their month of occurrence.

Bottom figure (e) 2010 daily precipitation anomalies computed from a

TMPA daily climatology for 1998–2010 in mm/day. Figures from

Kirschbaum et al. (2012a)
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Fig. 5 Precipitation analysis

results for Central America study

area. The upper plot (a)
highlights monthly rainfall

accumulation for 2010 (red) with
12-year monthly climatology

(green) calculated from the

TPMA record (1998–2009). The

center plot (b) graphs the
normalized threshold exceedance

values (using the regional

39 mm/day threshold—see text

for details) summed for each

month in 2010 (red) and average

values for 2007–2009 (blue)
compared to the landslide

occurrence for 2010 and average

number of reports from

2007–2009. The bottom graph (c)
displays the Q–Q plot showing

the distribution of daily

precipitation quantiles for the 12-

year TMPA record (x-axis) vs. the

2010 daily values (y-axis). The

interquartile line (red) and 1:1

line (green) provide a reference to
compare the distributions of

quantiles for both periods. Figure

from Kirschbaum et al. (2012a)
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(0.25 � 0.25�), improper inclusion of surface variables such

as soil texture and type, and the uniformity of one intensity-

duration rainfall threshold to represent landslide-triggering

rainfall over the entire domain. Another challenge of the

algorithm was the failure to include antecedent soil moisture

as an important triggering component in the algorithm.

To improve upon the global prototype framework, a new

Landslide Hazard Assessment and Forecasting System is in

development which builds off of the prototype model but

provides a more robust spatial representation of potential

rainfall-triggered landslide activity in near-real time based

on a set of static and triggering variables, including slope,

geology, rainfall and soil moisture. A prototype of this system

is initially being designed for use over Mesoamerica. This

system will then be expanded and tested in the Himalaya

region using the GLC as a validation source. Eventually, the

goal is for this system to be available globally.

For both the global evaluation and regional calibration

and validation, the GLC has been critical in identifying the

time and location of reported landslides to better character-

ize susceptibility over different regions, as well as to

better quantify the rainfall duration and intensities that

have triggered landslides in the recent past.

Conclusions and Future Steps of the GLC

The three examples presented here demonstrate the

breadth and utility of the GLC for diverse applications

from statistical evaluation to slope-stability modelling. In

an effort to promote the distribution and access of the

GLC, a map-based interactive viewer is in development

to visualize GLC data from 2007 to the present, which

will allow users to view, search, query, and export land-

slide data. In addition to serving GLC data through this

portal, users will also be able to input their own landslide

event information. Both the visualization and user input

tools will be open source and users will have full access to

the GLC and user-provided landslide information.
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Landslide Counteracting System (SOPO): Inventory
Database of Landslides in Poland

Teresa Mrozek, Marcin Kułak, Dariusz Grabowski, and Antoni Wójcik

Abstract

The project named the Landslide Counteracting System (SOPO in Polish) is the national

landslide inventory project and was launched in 2008. The end-users of the project are

administrative bodies, environmental protection inspectorates as well as non-governmental

organizations. The project, commissioned by Ministry of Environment and financed by the

National Fund for Environmental Protection andWater Management, is managed by Polish

Geological Institute—National Research Institute in the framework of geologic survey

tasks.

Information on triggering events and landslide-related damage are compiled as

attributes in documentary forms. Prior to being uploaded to the database, the collected

information is verified by experts with respect to data consistency and reliability. The

SOPO inventory is available via Web application (http://osuwiska.pgi.gov.pl) and is

progressively updated. The service architecture is based on Esri ArcGIS Server and uses

JavaScript API. Numerous spatial data (including vector and raster data sets) are served by

Oracle DB through Esri ArcSDE. In order to improve speed, most static layers have been

cached and are stored locally on servers as tiles. Dynamic data are served on demand. Users

are grouped into a few roles, which allows for different levels of access to the data. Till

April 2014, the database handles about 39,464 landslides, covering 1031.9 km2, mapped in

161 municipalities. In parallel, information on monitored landslides is stored.

Keywords

Landslide mapping � Landslide inventory � Landslide Counteracting System (SOPO)

database

Introduction

In many regions of the world, landslides are important aspects

of landscape evolution and causes of serious hazard. Poland is

not an exception in this respect. Although landsliding has

been studied here since the early 1900s (e.g. Zuber and Blauth

1907; Sawicki 1913; Teisseyre 1934), the research focused

predominantly on environmental issues (e.g. Bober 1984;

Starkel 1996, 2006; Alexandrowicz 1997; Margielewski

2000) while much less attention was paid to geotechnical

aspects and the damaging effects of landsliding. Indeed,

many Polish landslides are slow-moving, so potential terrain

instability is often difficult to observe or it is easy to neglect.
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The number of landslide-related fatalities is relatively low,

thus, landslide hazards were generally underrated. In effect,

information on failure timing and triggers, as well as on type,

abundance and distribution of landslides is neither homoge-

nous nor collected systematically. With intensification of

catastrophic landslide events since the end of 1990s, dramati-

cally affecting hilly terrains that had been urbanized, the

damage and losses experienced called for systematic mitiga-

tion and preventive measures in a framework of improved

terrain management.

As stressed by Van Den Eeckhaut et al. (2012), the absence

of a landslide inventory holds back the production of suscep-

tibility or hazard maps. Bearing in mind that such maps are

needed to support landslide territorial planning and landslide

mitigation and recovery strategies, Polish Geological Institute

(PGI) has been appointed by the Ministry of Environment as a

steering party of the nation-wide project called the Landslide

Counteracting System—LCS (or SOPO in Polish). Actually,
the project was launched in 2008, with tasks of filling a gap

in the landslide inventory, building-up a national database

drawing upon GIS capabilities, and indicating critical sites

for monitoring for warning or mitigation.

In this presentation we outline the functionality of the LCS

database, which is rooted in a conventional geomorphologic

landslide inventory (e.g. Guzzetti et al. 2012) and stores

systematically collected data on the distribution of past

landslides. It also handles data referring to current landsliding,

as well as the monitoring of mass movements. Thus comple-

mentary information is compiled, which provides a back-

ground for progressing from a qualitative to a quantitative

approach to landslide hazard assessment.

Landslide Inventories in Poland

Landslide-remodelled terrains and those prone to mass

movements occur in many Polish districts (e.g. the Baltic

coastline, steep river valley-sides, ridges mantled with gla-

cial till or loess-covered hills), however, the most threatened

regions are the Carpathians and their foreland, which occupy

the southern part of the country. Unfortunately, the dangers

of landsliding and its resultant detrimental effects were

generally underrated for a long time. With a few exceptions,

the extent and costs of landslide damage were not apparent,

due to the absence of common standards for reporting and

data collection. As overviewed in our earlier presentation

(Mrozek et al. 2013) landslide mapping and inventory were

attempted several times in the previous century, but then

discontinued, so the collected data (in analogue format) are

often patchy or inhomogeneous. Devastating effects related

to over 400 landslides triggered in the Carpathians by storm

events of July 1997 brought a general change in landslide

hazard awareness. A number of different landslide

inventories with supportive databases (e.g. Ilewicz-

Stefaniuk et al. 2008) that were produced afterwards pointed

out the need for harmonization. With changes in legislative

acts that contributed to this challenge, a new national land-

slide inventory was initiated. In the framework of the LCS

(SOPO) project, the inventory is carried out at a scale of

1:10,000, using standardized methods (Grabowski et al.

2008). Landslide data collection is facilitated by the dedi-

cated database.

As the LCS (SOPO) project is meant to provide support

for mass movement mitigation and to improve public safety

or landslide damage recovery, the end-users are administra-

tive bodies, non-governmental organisations, environmental

protection inspectorates and other enterprises acting in the

areas of construction work, transportation, estate and prop-

erty trade, or research and education. The Ministry of Envi-

ronment as a commissioning body is the interested party as

are other governmental institutions which, deal with territo-

rial planning and management. The total endeavour is finan-

cially supported by the National Fund for Environmental

Protection and Water Management on a long-term basis

(Grabowski and Przybycin 2010).

Logistics and Database Structure of LCS Project

Spatial and Attribute Data Handling,
Verification and User Groups

The LCS database was designed as a relational database,

which consists of two schemas storing spatial and attribute

data. The spatial data include not only landslide extents

(areas) and activity-ranked landslide-body parts, but also

inner landslide features such as main and minor scarps,

toes, cracks, ridges or bulges, block/debris fields and

water-logged depressions, ponds or springs, represented

appropriately by polygons, lines and points (Fig. 1).

The attribute schema keeps all information gathered with

registration forms for landslides (LRF) or for terrains prone

to mass movements (PTRF). The fundamental attribute data

comprise landslide location with reference to a drainage

basin; type of movement and state of activity, morphometric

parameters of a landslide, geologic units, lithology, bedding

attitude, hydrogeologic aspects, age, date of occurrence and

causes, land use; information on damage, expected hazard,

mitigation measures, related documents; illustrative

materials like geologic profiles and photos, and in the end,

extra comments on potential stabilising measures and the

name of the author of the data form.

Unique identification numbers allows spatial and attribute

data to be connected. The attribute schema contains also all

tables essential for and managed by the web application.
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LCS database users (Fig. 2) are divided into a few groups

according to assigned tasks and powers needed to execute

them. The editor is a person entering data into the database,

with an authorization for adding and modifying existing

data. The verifier has substantive control and loads the data

into the public part of the database. Although not allowed to

modify the data, in fact the verifier is the person responsible

for reliability and correctness of input registration forms.

The data administrator is authorized to load, modify and

manage all the data.

Information collected during geomorphologic field

mapping can be entered in two manners using dedicated

online or offline applications. When working in the field

(without an internet connection) desktop software will be

adequate, but the same functionality is implemented in the

online application. In the next step, the registration forms

filled offline are imported into the web system and then sent

to a verifier. As mentioned before, the verifier inspects the

forms and, if correct, loads them to the public database.

During this operation some attributes are automatically filled

using spatial data (landslide extent and reference layers).

In every stage of that process (entering, modifying,

inspecting, correcting), users are supported by automatic

data validation procedures. Obviously not every dependency

could be checked this way, so the verifier’s inspection is

crucial and indispensable.

Work on the spatial data, originating mainly from the

conventional landslide inventory or sometimes from SAR/

LiDAR analyses (Guzzetti et al. 2012; Perski et al. 2011), is

conducted in parallel. Some contractors prepare spatial data

in a digital format already during field mapping; others

digitize georeferenced field maps using a predefined map

composition. This, combined with a wide use of domains,

allows for faster and more correct data input. Topology rules

defined in the geodatabase control basic spatial

relationships, e.g. separation of features belonging to the

same layer, containing some inner landslide elements in a

landslide polygon, or precise location of others on a land-

slide boundary. Examinations of complex spatial

dependencies require combined sets of spatial and attribute

analyses which were automated with a geoprocessing

modelling. Correct spatial datasets are loaded into the afore-

mentioned spatial schema.

Since both attribute and spatial data are available in the

public database, information about landslides is available to

a wide group of end-users. Some of them (mainly regional

administration authorities) receive sheet-maps, both in ana-

logue and digital formats. But the main method of accessing

LCS data is a web-based map application. It has

functionalities such as searching for and presenting each

landslide or terrain prone to mass movements, combined

with a topographic map. Moreover, users can generate a

map for each landslide and print it or download it as a PDF

file. Furthermore, commentary text for every municipality is

also available to the public for printing or downloading. The

above-mentioned can be done by every public user, it does

not require registering nor logging in.

Registered users are allowed to add, modify and inspect

the data—this is done by the above mentioned editors and

verifiers. County administration bodies are also allowed to

access both types of registration forms.

LCS IT Architecture

LCS web application and data management is organised in a

three-tier, service-oriented architecture model. The public

end user interacts only with the top-most tier—the presenta-

tion tier, implemented as a web application which

communicates with the database (data tier) through web

services (business logic tier). Obviously, all middle and

back-end layer actions are unnoticeable to the users. All

components are installed in a distributed environment on

different servers. The software used includes, among others:

• Oracle 10g managing relational database;

• Esri ArcSDE managing spatial data in Oracle database;

• Apache Tomcat serving as a web server;

• Oracle Portal (with Oracle Identity Management) used as

an application framework, content management system;

• Java-based application implementing business process;

• Esri ArcGIS Server and API for JavaScript used for

displaying spatial layers, for improving viewing perfor-

mance some static data are cached.

Fig. 1 Landslide features as visualized in LCS database
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LCS Database Potential and Flexibility

The collected data are available in the framework of the

above described application but, as in every database, the

LCS data can be accessed with SQL language, which allows

building of advanced and extended queries. For security

reasons, this way is reserved only for internal PGI users.

Experience gained in other projects shows that adding online

user-configured reports to LCS application could signifi-

cantly increase its functionality and utility.

Simultaneously, with systematic ongoing field mapping,

carried out according to the adopted schedule in every

municipality in the Carpathians (Mrozek et al. 2013), PGI

receives notification about damage and threats posed by

landslides that become active due to current triggers.

Newly reported landslide events are recorded with Landslide

Documentary Forms with Assessment commentary (LDFA).

Preparing of such forms involves expert-based assessment to

judge the amount of remediation needed to maintain the

stability of the slope and to restore damaged objects

(buildings or lifelines etc.) Although LDFA is an expanded

version of the landslide registration form, the LCS database

is ready to collect that information. Thus, by appending

event-driven data on landsliding to the database storage, a

more extensive background for an improved strategy on

landslide risk reduction is built.

One of the parts of the LCS project is oriented

toward near-real-time monitoring for early warning. Dur-

ing the run of the project, a hundred landslides posing

threats to crucial road infrastructure are to be covered by

this type of monitoring. Till August 2013, over 60 of

them were already supervised using both classic (incli-

nometer, pluviometer and geodetic measurements) and

new (GPS measurements and laser scanning) methods.

Due to unresolved legal aspects, raw data are not avail-

able to the public. However, every monitored landslide has

its own documentation containing monitoring results and

expert’s annotation. Those documentations are constantly

placed at the LCS project portal where they can be accessed

as PDF files.

Inventory Results and Discussion

The database designed and developed in the framework of

the LCS (SOPO) project is meant to store, manage and

update information on landslides on a country-wide basis.

Systematic uploading of the spatial and attributive data

started with a conventional (geomorphological) landslide

inventory (Malamud et al. 2004; Guzzetti et al. 2012) refer-

ring to the Polish Flysch Carpathians, the region known to be

particularly susceptible to mass movements (e.g. Bober

1984; Margielewski 2006; Wójcik et al. 2006) as well as

Fig. 2 LCS database architecture and roles of users
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very seriously (and repeatedly) damaged due to slope

failures (Rączkowski 2007; Pánek et al. 2011).

Till April 2014, landslide mapping tasks were performed

in 161 municipalities comprising 12,474 km2 (Fig. 3). In

effect, the LCS database handles 39,464 landslides, with an

area equivalent to 1031.9 km2. In the case of regions

designated as terrains prone to mass movements, the

corresponding numbers are 3,090 and 503.8 km2,

respectively.

Moreover, referring to the tremendous damage caused by

landslides in 2010, almost 300 LDFA forms have been

already entered into the LCS database, while a next batch

is under processing. With these data, the valuable informa-

tion on recently observed landslides and their detrimental

effects is not lost and is expected to be used for improved

susceptibility assessment or for a quantitative approach to

hazard and risk zonation.

Closing Remarks

For a quantitative approach to landslide susceptibility and

hazard assessment, a landslide inventory is a prerequisite.

According to van Westen et al. (2009) the information on the

location, date and impact of past landslide events is the most

important input data for such challenges. Poland had to make

up for a gap in inventory tasks. Due to an adopted scheme of

data acquisition, the ongoing Polish inventory keeps up with

procedures used in other European countries (e.g. Trigila

et al. 2010; Van Den Eeckhaut and Hervas 2012).

Research conducted by the European Commission Joint

Research Centre in 2010 (Van Den Eeckhaut and Hervas

2012) delivered information which allows comparison of the

LCS database to other inventory-related databases in

Europe. As pointed out by the above authors, the examined

national-wide databases are in the early or medium stage of

collecting data (completeness <50 %), and so is the LCS

database. However, with the mapping scale of 1:10,000, the

Polish database is in the group of the few most detailed.

Mapping techniques are also the most popular ones—a com-

bination of field surveys, historical documents and aerial

photography analyses are used in more than 75 % of the

countries. But what is the most important is the scope of

landslide information gathered. Compared to other

databases, the Polish inventory collects almost every mor-

phometric and geo-environmental characteristics that are

collected in other countries. As in most of other inventories,

because of a digital format, the LCS data is easily accessible.

Making LCS data INSPIRE compliant will be a future chal-

lenge. Sharing data through web services is rather easy,

which could not be said of transforming them to the Natural

Risk Zones data model. Answers given to an EC JRC ques-

tionnaire (Van Den Eeckhaut and Hervas 290 2012) show

that this is not only a Polish issue.
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Fig. 3 Landslide inventoried in the Polish Carpathians and uploaded to LCS database
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Research 19, pp 75–83

Bober L (1984) Rejony osuwiskowe w polskich Karpatach fliszowych i
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Development of a Landslide Inventory for a Region
in Mexico Using Very High Resolution Satellite
Stereo-Images

Franny G. Murillo-Garcı́a, Federica Fiorucci, and Irasema Alcántara-Ayala

Abstract

In recent years, the analysis of stereo-pairs of Very High Resolution (VHR) satellite images

has represented a valid alternative to aerial photographs for landslide recognition and

mapping. The availability of images with even higher spatial resolution and improved

digital visualization and analysis techniques have encouraged investigators to use satellite

images to detect and map recent and old landslide features. In this paper we present the

results of a landslide geomorphological inventory prepared for the municipality of

Pahuatlan, Mexico, based on stereoscopic interpretation of GeoEye 1 VHR images.

A 54 km2 study area was defined for landslide recognition. In the study area, elevations

range from 450 m to 1,500 m above sea level. The study area has a mountainous terrain

with deep ravines and high summits derived from orogenesis of the Sierra Madre. Mesozoic

rocks, including conglomerates, shale, siltstones and limestone, outcrop in the area. The

climate is temperate, with abundant precipitation all year and a mean annual rainfall of

2,500 mm. Vegetation types are rain and coniferous forest, with a high level of deforested

areas also present.

According to the landslide inventory, in Pahuatlan municipality, there are 385 recent

landslides, 171 old landslides and 21 very old landslides. The total landslide density is 10.5

landslides per km2. The area most affected by landslides was concentrated in 34 km2 and it

was measured using Double Pareto analysis. In addition, stereo-images were used to

generate a very high resolution Digital Elevation Model (10 m spatial resolution).
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VHR satellite images are efficient for landslide identification; they reduce the time to

acquire information and allow a continuous stereo-model view without changing the set of

images, although the associated costs are quite high.

Keywords

Landslides � Landslides inventories � Very high resolution � Satellite images � Stereo-

images

Introduction

Landslides inventories are an essential tool, and frequently

are the first step for susceptibility, hazard and risk estimation

and evaluation (Ardizzone et al. 2013). According toGuzzetti

(2005), depending on the period of time covered, landslide

inventories can be multi-temporal, seasonal or event type.

The generation of these different kinds of inventories

depends on the amount of resources and time available.

Techniques to produce landslide inventories can be divided

into traditional techniques (air-photograph stereo-pairs inter-

pretation, field surveys and analysis of historic data) and new

or recent techniques (monoscopical visual, automatic or

semiautomatic analysis of satellite images, very high resolu-

tion digital elevation models—DEM, stereo-interpretation of

very high resolution—VHR satellite stereo-images). In this

research, we present the results of a geomorphological land-

slide inventory map prepared using a classification based on

the relative age and depth of landslides. The study area

extends over 54 km2 in a temperate humid region in

Pahuatlán, Puebla,Mexico.We usedVHR stereo-pair images

(Geo-Eye-1, with 0.5m of spatial resolution on panchromatic

band and 1.5 m on multispectral) for landslide identification

and mapping.

In the first section the area of interest is described. The

stereo interpretation processes and the results of the land-

slide inventory map are included in the second section.

Finally some conclusions are also provided regarding the

use of these tools for the recognition of recent, old and very

old landslides.

Study Area

Pahuatlán is a municipality of Mexico located in the Sierra

Norte of Puebla region, in the Sierra Madre Oriental moun-

tain system (Fig. 1). The municipality extends 80 km2, how-

ever the inventory covers an area of only 54 km2 (study area).

Pahuatlán municipality is affected by landslides almost every

rainy season. The area is characterized by a temperate climate

and the land cover is original rain forest vegetation, strongly

altered by deforestation. The occurrence of hurricanes and

tropical depressions is related to the climatic conditions

produced in the Gulf of Mexico, which generate extraordi-

nary rainfall on the Sierra Norte region. These events, com-

bined with the relief and geological features of the area, are

the most important factors related to landslide occurrence.

Elevations in the area range from 450 m to 1,500 m above sea

level. The terrain is mountainous, with deep ravines and high

summits, products of the Sierra Madre orogenesis. Terrain

gradient ranges from almost zero, along the Plain of the San

Marcos River, to more than 70� on the top of the mountains.

Landslide occurrence is strongly related to the arrange-

ment of lithological units. Mezozoic rocks, and Tertiary and

Quaternary volcanic deposits outcrop in the area. These

units are: (i) Lower Jurassic Huayacocotla sandstone and

shale sequence, (ii) Cahuas siltstone-sandstone formation,

(iii) Middle Jurassic Tepéxic limestone formation, (iv) Late

Jurassic Tamán clayey limestone and shale sequence, (v)

Late Jurassic Pimienta black limestone-shale sequence, (vi)

Lower Cretaceous Tamaulipas limestone-shale sequence,

(vi) Pliocene basalt, andesite and pyroclastic deposits and

recent (vii) alluvial and (viii) colluvium deposits (Sánchez

Rojas et al. 2004). The rocks are mostly layered and have

been altered by geotectonic processes and local meta-

morphism (Oliva Aguilar et al. 2011). The most important

geological structures are the Huayacocotla anticline and San

Pablo syncline; structural discontinuities are the Paciotla

normal fault and Xolotla reverse fault (Fig. 2).

Material and Methods

This section describes the satellite images, the hardware and

software visualization technology, and the interpretation

criteria used to identify and map landslides.

Geo-Eye stereo pairs, panchromatic and multispectral

bands were available for the area of interest. GeoEye-1

images have 0.5 m of spatial resolution on the panchromatic

band and 1.64 m on multispectral bands (Table 1). The

images were taken on March 31, 2010. All images were

equipped with Rational Polynomial Coefficients providing

the image position relative to the ground. The azimuth

angles of the images are 0.19� for the first image and

359.59� for the second image of the pair. The height value

of the azimuth angle allowed us to perform a stereo
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orientation with good quality, using only the Rational Poly-

nomial Coefficient files.

Until now, successful approaches in the literature for the

analysis of digital stereo images (satellite and aerial) have

been limited to binocular viewing and complementary filters

(Ardizzone et al. 2013).

For this research we used a complementary filter system,

a PLANAR stereo-mirror. The system works with two moni-

tors AMLCD (Active Matrix Liquid Crystal Display) ori-

ented with 110� of angular distance. A passive beam splitter

mirror bisects the angle formed between the two monitors.

On one side of the glass the mirror has a reflective coating,

and the other side has an anti-reflective coating. In this way,

the observer can perceive the two images from each screen at

the same time. The images from the two monitors can be

viewed through crossed polarizing glasses which make each

eye of the observer seeing only one of the two images

(PLANAR 2008). The brain interprets this and the stereopsis

effect is obtained.

ERDAS IMAGINE and Leica Photogrammetry Suite

(LPS) software were used for the block orientation. The

interior orientation of the images was obtained using the

sensor model, and the exterior orientation was performed

using the Rational Polynomial Coefficients files. The interior

and the exterior orientation allows the generation of the 3D

model. The ERDAS block image file can be exported to

Stereo Analyst extension for ArcGis® to generate the 3D

digital view which is perceived by using the PLANAR

stereoMirror system. Using this technology, the interpreter

can identify and digitize the 3D shape of the landslides

directly on the images and can implement the digital data

base. Figure 3 shows a 3D view based on a Very High

Resolution Digital Elevation Model obtained by using the

same stereopairs. The image gives an idea of what the

observer can see using the digital stereoscope.

Landslide Identification

Appropriate landslide identification on VHR satellite images

improves the spatial resolution of the images. To obtain a

multispectral image with the panchromatic spatial resolution

(pixel size 0.5 m) a pansharpened fused technique was used.

GeoEye multispectral images were fused with the pan-

chromatic image through ENVI# software using the Gram-

Schmidt Spectral Sharpening algorithm. The result was two

multispectral images with 0.5 m of spatial resolution (Fig. 4).

The treatment of the images with the pansharpening tech-

nique allowed a better visual interpretation.

Correct landslide identification depends on scale, date of

acquisition, radiometric resolution, spatial resolution, cloud

cover, and the quality of the available images. Moreover, the

quality of the tools used for the photo-interpretation (stereo-

scopes, stereo-plotters or digital stereoscope systems and

software and hardware elements) and the experience and

skill of the interpreter are crucial for adequate landslide

identification and mapping (Guzzetti et al. 2012). Other

important issues are the physical conditions of the area,

which can make landslide identification difficult. For exam-

ple, in tropical areas such as Pahuatlán, the humid temperate

climate causes rapid growth of vegetation on landslide areas,

hiding the spectral evidence of recent movements.

In addition, landslide geomorphologic evidence depends

on the type and velocity of movement (Pike 1988; Cruden

and Varnes 1996; Dikau et al. 1996); this implies different

possibilities for how a landslide can appear on the images.

Fig. 1 Location of the Pahuatlán

study area

Development of a Landslide Inventory for a Region in Mexico Using Very High. . . 823



Fig. 2 Geological map of the

Pahuatlán study area
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The spectral firm of a landslide on a satellite image is related

to: (i) the time between the occurrence of the movement and

the acquisition date of the images, (ii) the hour, season and

year the image was taken, (iii) the lithology and soil

properties (type, humid and depth) and (iv) the land use/

cover. In the 3D environment, the interpreter looks for

features related to the landslide occurrence, based on basic

criteria: shape, size, tone, texture, patterns, shadows, topo-

graphy and environment physical conditions (Fiorucci et al.

2011). This is different for old and very old landslides

(geomorphological evidence) and for recent landslides

(spectral and geomorphological evidence).

Recent landslides are those which have occurred in the

last year or season and are active on the date images were

acquired (WP/WLI 1993). These types of landslides appear

fresh on the satellite images and are recognizable by the

shape and the difference of color, texture, tone and pattern

of the landslide area respect to the surrounding original

surface (Fig. 5).

Old landslides are those which occurred in the historical

or geological past; are abandoned or movement has stabi-

lized (Cruden and Varnes 1996).

Very old landslides are those which have occurred in the

past, and other landslides (old landslides) have taken place

on top of their main body. It is probable that this kind of

relict landslide (very old), has taken place in different cli-

mate or environmental conditions. Very old and old land-

slides are recognizable by the geomorphological evidence,

are mostly smoothed by erosion processes (Fig. 6).

The photo-interpretation process of VHR satellite images

with digital stereo-systems is basically the same as for tradi-

tional air photographs. The advantage of the described tech-

nology is that (i) less time is involved in the identification

process, (ii) the possibility of seeing a continuous stereo-

model view without changing the set of images, (iii) the

direct record of the information on the landslide inventory

data base, and (iv) the improved accuracy of the obtained

map.

Table 1 Features of GeoEye-1 Pahuatlán, México, stereo pair images

Satellite Bands Radio-metric resolution Spatial resolution Acquisition date

GeoEye-1 5 11 bits 0.50 m PAN 31-03-2010

1.64 m MS

PAN panchromatic, ME multispectral

Fig. 3 Pansharpened image Geoeye-1 drapes a DEM (vertical exaggeration ¼ 3.0). The view is from north to south. In the bottom left of the
image (first plane) it is possible to identify details: the shape of the trees and the borders of the field crops
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Results

The landslide inventory of Pahuatlán included total of 557

landslides; 390 of them (67.5 %) were identified directly on

theGeoeye-1 stereo-images. 171 landslides were classified as

old landslides and 21 as very old landslides (Fig. 7). Land-

slide age and type were identified using digital stereoscopic

interpretation. 198 landslides which were classified as recent

landslides occurred between 2007 and 2010; all these land-

slides can be considered as active landslides. Very old and old

landslides were present on a larger area than those recent

landslides.Mean area of the very old landslides was identified

as 1.2 � 106 m2, the average area of the old landslides was

8.1 � 105 m2, and the average area for the recent landslides

is 1.1 � 103 m2. The largest landslide identified on the

study area is the Paciotla slope landslide with an area of

4.1 � 106 m2.

Discussions and Conclusions

By using the techniques described in this work it is possible

to identify recent, old and very old landslides. For this

research a geomorphological landslide inventory was

prepared for a 54 km2 study area with different lithological

features in a temperate region where the denudation pro-

cesses are intense.AGeoeye 1VHR satellite images stereo-

pair with 0.5 m of spatial resolution on the panchromatic

band and 1.5 m on the multispectral bands was used for

landslide identification. A PLANAR# StereoMirror sys-

tem technology was used, combined with a Stereo Analyst

ERDAS# extension for ArcGIS#, to generate the 3D

view. Using these tools, 390 landslides were identified

and digitalized directly on a digital inventory data base.

Furthermore, the relative age of each mass movement was

inferred by geomorphological interpretation of the stereo

Fig. 4 Result of pansharpening process where the multispectral bands are fused with the panchromatic band. The composed color images
obtained have the same resolution of the panchromatic band, in this case 0.5 m

Fig. 5 Recent landslides occurred in 2010 during the rainy season

(vertical exaggeration: 2). Scars of the landslides are fresh on the

images, with more clear color, making contrast with the green and

dark tones of the vegetation around the movements
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pair. The very old landslides need careful analysis. Large

and formerly unstable masses would need deeper investi-

gation to understand the processes involved. Very old and

old landslides can be reactivated even if these landslides are

in a relict state of activity (Cruden and Varnes 1996). It is

also likely that recent landslides located near the Pahuatlán

Village, which have destroyed a dozen houses, two small

hospitals, and one school, could be related to the reacti-

vation of a very old landslide onwhich Pahutlán del Valle is

located.

Fig. 6 Pahuatlán very old landslide. The red line outlines the landslide
area, the scarp and deposit zone. The Pahualtlán village is located on

the flat zone between the main scarp and the secondary scarp

Fig. 7 Pahuatlán landslide

inventory map. Very old

landslides are indicated in beige,

old landslides in orange and

recent in red. All landslide types

are distributed in the study area.

Pahuatlán, Xolotla, Atla and San

Pablito towns are located over

very old and old landslide

deposits
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Inventory of Precipitation Triggered Landslides in
the Winter of 2013 in Zagreb (Croatia, Europe)

Sanja Bernat, Snježana Mihalić Arbanas, and Martin Krkač

Abstract

The subject of this paper is inventory of precipitation induced landslides in Zagreb in the

period of extreme weather conditions in the winter of 2013. Long-lasting heavy rainfall and

a thick snow cover triggered more than 60 landslides in the hilly area of the Medvednica

Mt. which belongs to the City of Zagreb. Basic data about landslide event locations,

received from records of the City Office of Emergency Management (OEM), are analyzed.

We present the results of preliminary temporal distribution analysis of landslide occurrence

during the following extremes: cumulative monthly precipitation in January, February and

March in 2013 was 130–190 % higher than the average monthly values for the period from

1862 to 2012; and cumulative precipitation for a 3-month period in 2013 has the highest

value in the last 150 years. Spatial distribution analysis shows that most of the analyzed

landslide events were triggered in engineering soils of Pontian age (approximately 1

landslide per 2 km2). Presented landslide inventory map provide a solid basis for organizing

further research aimed at the analysis of landslide triggering rainfall thresholds as well as

development of landslide inventory map which will depict landslide contours.

Keywords

Landslide inventory � Precipitation triggered landslides � City of Zagreb � Croatia � March

2013

Introduction

The winter period of 2013 in the City of Zagreb, the capital

of the Republic of Croatia (in SE Europe), had extreme

weather conditions that caused reactivation of 63 landslides.

In the same period in the continental part of Croatia,

the Croatian National Protection and Rescue Directorate

(DUZS) recorded more than 900 activated landslides

(Bernat et al. 2014). Figure 1 shows number of recorded

landslides events per county for the period from January to

April 2013. The highest number of reported landslide events

was in the NW Croatian counties. Hilly areas in the conti-

nental part of Croatia, composed of Pleistocene and Neo-

gene sediments (i.e., engineering soils and soft rock-hard

soils, e.g., marls) are prone to the development of small

superficial to moderately shallow landslides (landslide vol-

ume <105 m3; landslide depth <20 m). The precipitation-

induced landslides caused damages to private houses and

roads.

Landslide inventory data in Zagreb have been addition-

ally collected and checked in the field by professional engi-

neering geologists, because information about reported

landslides was unreliable. It was necessary to check land-

slide type, locations, date of activation and landslide size.

The intent of this paper is to present the importance of the

development of seasonal landslide inventory for the winter

of 2013 in the City of Zagreb, as well as in NW Croatia.
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Overview of Study Area

Owing to its geomorphological and geostructural position,

the area of the City of Zagreb is located in the mega-

geomorphological region of the European Pannonian Basin

(Bognar 2001), in its western part in NW Croatia. At the city

limits the relief type changes in the north-south direction

from lower mountain type (ridge of the Medvednica Mt.)

and hilly type (south-eastern foothills of the Medvednica

Mt.), through lowland (fluvial floodplain of the Sava River)

to the hilly type on the south (hills of the Vukomeričke

Gorice). Figure 2a shows relative proportions of lower

mountain area (16 %, elevations >300 m a.s.l.), hilly area

(28 %, elevations 150–300 m a.s.l.) and lowland area (56 %,

elevations <150 m a.s.l.) (Mihalić Arbanas et al. 2012). The

city covers an area of 640 km2 and includes the urban area

(Zagreb City) and 69 settlements with 792,875 residents

(approximately 18 % of the total Croatian population). The

current land-use includes 205 km2 of agricultural land,

195 km2 of forest and 240 km2 of other land use types. The

urbanized area (220 km2) is located below the forest region

of Medvednica Mt. to the north and extends to the flood plain

of the Sava River on the south (Fig. 2a). Climate is

continental climate under a mild maritime influence with a

mean annual rainfall of 883.6 mm.

The hilly area of the southern foothills of the Medvednica

Mt., which belongs to the City of Zagreb, is a pilot area of

the Croatian-Japanese SATREPS FY2008 scientific joint

research project (Mihalić and Arbanas 2013). The total size

of the pilot area is 180 km2. This area is mostly urbanized

and densely populated. The elevations in this area range

from 115 to 612 m a.s.l., the prevailing slope angles

(59 %) range from 6� to 24� and 84 % slopes have slope

angles>3� which are potentially prone to sliding. The domi-

nant types are small and shallow landslides that mostly

endanger residential structures. The pilot area is composed

of Upper Miocene and Quaternary sediments (Fig. 2b). The

Upper Miocene deposits are stratified marls, silts and sands

with moderately to slightly-inclined bedding (bedding slope

angle in range of 10–20�). The top parts of Miocene deposits

are fine-grained soils, mostly silts. The Quaternary deposits

are heterogeneous mixtures of unfoliated, mostly imperme-

able clayey soils. The geologic contact between the Miocene

sandy silt soils and the Miocene or Quaternary clayey soils is

highly susceptible to sliding. The preparatory causal factors

of slope instabilities in this zone include the engineering

properties of the soils, geomorphological processes and

Fig. 1 Croatian counties with

total number of reported

landslides reactivated in the

winter of 2013
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man-made processes of different types. The most frequent

triggering factors are rainfall and man-made activities

(Mihalić et al. 2011). The main problem with the current

practice of landslide risk management in the City of Zagreb

is the lack of a suitable landslide inventory and landslide

hazard and risk maps.

Landslide Events in the Winter of 2013

Spatial Distribution of Landslides

Information regarding the reactivation of landslides in the

winter period of 2012/2013 was received from citizens who

informed City administration which is responsible for

landslide remediation or civil protection throughout that

time period. Figure 3 shows three examples of landslides

endangering or damaging private houses and roads. City

representatives performed more than one hundred field

examinations to estimate whether or not structures and/or

people were at risk and to organize urgent mitigation

measures. Evidence of examined landslides are recorded in

the City offices only in the form of lists with the data about

landslide locations and the date of activation. Figure 4

presents a landslide inventory map with 63 landslides, com-

piled on the basis of information collected from City admini-

stration, online media and field checking in November 2013.

Additional field checking was performed to collect reliable

data about landslide location and type and to collect the

Fig. 2 City of Zagreb: (a) Histograms showing the elevation and slope

angle computed from DEM for the City of Zagreb and the pilot area of

the Croatian-Japanese SATREPS FY2008 project (red outline).

(b) Geological map showing the generalized stratigraphic units. Pie

charts show the relative distribution of main stratigraphic units

Fig. 3 Examples of landslides endangering/damaging houses or public roads in the winter of 2013 in Zagreb
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descriptive information about each reported landslide by a

professional engineering geologist.

Landslides are graphically depicted by dots on the landslide

inventory map, because derivation of landslide contours

requires additional visual or semi-automated mapping

(Guzzetti et al. 2012). The main objective of the inventory

compilation was to collect and achieve basic data which will

enable evaluation of regional landslide hazard models. All

recorded landslides have been described by the following

data: landslide type (e.g., slide, flow); administrative unit;

location description (street name); activation date; trigger

(e.g., rain, snow melting); damages and impacts; landslide

size (m2); remark on landslide size (measured, estimated);

data source; and web links for media reports.

The precipitation-triggered landslide inventory (Fig. 4)

was compared with landslide inventory derived on the basis

of visual inspection of LiDAR imagery from 2011 given in

Ferić et al. (2011). At the area of 24 km2 (covered by

airborne LiDAR data) 33 landslide triggered by precipitation

in 2013 exist, but only 4 landslides overlap with landslide

contours interpreted in 2011. This implies the possibility that

a lot of reactivated landslides were not reported by citizens

because they did not cause damages on houses and roads.

Precipitation and Temporal Distribution
of Landslides

The City of Zagreb belongs to the NW part of Croatia, which

was particularly wet at the beginning of 2013. From January to

March, monthly precipitation was above the 91st and 98th

percentile for the NW part of Croatia, as shown in Fig. 5

(DHMZ 2013). Measurements obtained by six meteorological

stations (Fig. 3) were used to analyze precipitation pattern at

the pilot area of the Croatian-Japanese SATREPS FY2008

project inZagrebCity.General information about themeteoro-

logical stations and the mean annual precipitation (MAP) are

listed in Table 1. The minimum value of MAP is 849.7 mm in

lowland area at the Zagreb-Maksimir station and maximum

value of 942.3 mm is at the Zagreb-Šestine station. Zagreb-

Grič meteorological station was selected for further analysis of

precipitation conditions, which had triggered more that 60

landslides in the analyzed period. The Zagreb-Grič station

has the longest measurement period (151 years) and the

amount of its cumulative precipitation for the analyzed period

corresponds to the mean value of cumulative precipitation

from all six stations (Fig. 6). Daily precipitation data for each

weather station includes amount of rainfall and snow.

From the 1st January to the 7th April, the City of Zagreb

experienced a period of intense rainfall and snow with cumu-

lative values over the 97-day period which range from

372.4 mm (at Zagreb-Maksimir station) to 454.7 mm (at

Zagreb-Markuševac station). Cumulative precipitations for

the selected period at the Zagreb-Grič station exceeded 46 %

of the mean annual precipitation (MAP). Figure 7a shows the

cumulative precipitation for January, February and March

measured at the Zagreb-Grič weather station. For the selected

period, monthly precipitation in 2013 ranged from 130 %

(February and March) to 190 % (January) which is higher

than the average monthly values for the period from 1862 to

2012. Analysis of the available historical records at the

Zagreb-Grič station indicates the following: only once (in

1984) did the monthly precipitation (173.5 mm) exceeded

the monthly value measured in January 2013 (147.7 mm);

four times (in 1879, 1895, 1942 and 1947) the monthly

precipitations (max. value 203.5 mm) exceeded the monthly

Fig. 4 Rainfall triggered landslide inventory map for the period from

1st January to 7th April 2013. Landslides are depicted by dots on

generalized geological map together with weather stations and one

well where continuous water level measurement is available (Krkač

et al. 2014). Pie chart shows the relative distribution of main strati-

graphic units; histogram shows the number of (re)activated landslides

per stratigraphic unit
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value measured in February 2013 (104.8 mm); and only two

times (in 1865 and 1917) the monthly precipitations

(131.9 mm and 130.9 mm) exceeded the monthly value

measured in March 2013 (126.2 mm).

Based on the available historical data for the Zagreb-Grič

weather station, analysis of the 3-month period from January

to March (Fig. 7b) showed that cumulative precipitation for

the analyzed period in 2013 has the highest value ever

measured. Analysis of the historical precipitation record in

the City of Zagreb further indicates that the high intensity

precipitation in the period from January to March 2013 is

unique in the last 150 years. Figure 8 depicts daily

Fig. 5 Monthly precipitation

percentile calculated on the basis

of data from 1961 to 1990

(DHMZ 2013) for: (a) January

2013, (b) February 2013 and (c)

March 2013

Table 1 Meteorological stations used to analyze the rainfall condition that resulted in landslides in the City of Zagreb in January to March 2013

Meteorological station Latitude Longitude Elevation (m) MAP (mm) Period (years)

Zagreb-Grič (ZG) 45�480 15�580 157 883.6 151

Zagreb-Maksimir (ZMa) 45�490 16�020 123 849.7 64

Zagreb-Bijenik (ZB) 45�500 15�570 220 875.7 22

Zagreb-Šestine (ZŠ) 45�510 15�570 291 942.3 22

Zagreb-Markuševac (ZMr) 45�520 16�010 240 932.1 22

Čučerje (Č) 45�530 16�030 246 911.2 11
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Fig. 6 Cumulative precipitation for the period from 1st January to the 7th April of six weather stations in the City of Zagreb

Fig. 7 Historical precipitation data at the Zagreb-Grič meteorological

station: (a) Cumulative monthly precipitation for January, February

and March. The red bars show quantities for 2013 and the blue bars

show long-term cumulative monthly averages for the period of 150

years (1862–2012); (b) Cumulative precipitation for 3 months, from

January to March, in the period between 1862 and 2013

Fig. 8 Daily precipitations recorded at the Zagreb-Grič meteorological

station and the number of landslide events triggered in theCity of Zagreb

from January to April 2013. The continuous line depicts groundwater

level changes registered by a water-level gauge at the Kostanjek land-

slide observatory (Mihalić Arbanas et al. 2013)

834 S. Bernat et al.



precipitation data for the same period together with the

number of landslide events per day. That data was also

compared with the continuously measured groundwater

level in one well on the Kostanjek landslide (Krkač et al.

2014) which illustrates the response of groundwater levels to

precipitation. The position of the well in the western part of

the city is shown in Fig. 3. In the selected period, significant

rainfall occurred on the 30th of March and lasted until the

3rd of April. This 5-day event was characterized by a cumu-

lative precipitation of 70 mm. Figure 8 shows that during

this precipitation episode, 47 landslide events were (re)

activated in the City of Zagreb (Bernat et al. 2014).

Discussion and Conclusion

Records from the Croatian National Protection and Rescue

Directorate show about 900 landslides triggered by long-

lasting heavy rainfall and a thick snow cover in the period

from January to April 2013 in the NW part of Croatia and

show the necessity of analysis of landslide triggering

precipitation thresholds using regional approaches. The

main reason lies in the fact that these events have historical

importance, i.e., this periodwas unique in the last 150 years

according to the influence of particular seasonal meteoro-

logical conditions to landslide activation in western part of

Pannonian Basin in SE Europe. Simple inventory of

precipitation-triggered landslides from January to April

2013 with reliable landslide records about location, initia-

tion date and landslide area have been developed for the

hilly area in theCity ofZagreb on the basis of field checking

of reported landslides. This inventory will enable the devel-

opment of regional threshold model for the particular

conditions which happened in the winter of 2013. The

next step is to define minimum and maximum thresholds,

using empirical bases (thresholds that combine precipita-

tion measurements obtained for a specific precipitation

event and thresholds that consider the antecedent

conditions; Guzzetti et al. 2007). Data and analysis

presented in this paper shows that it is also important to

establish seasonal landslide inventory for thewinter of 2013

for all hilly areas of six counties in NW Croatia. The most

efficient methodology for landslide mapping at the area of

7,800 km2, where locations of reported landslides exist, is

interpretation of airborne LiDAR imagery to derive reliable

landslide contours.
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Landslide Inventory in the Area of Dubračina River
Basin (Croatia)

Petra Ðomlija, Sanja Bernat, Snježana Arbanas Mihalić, and Čedomir Benac

Abstract

Systematic landslide mapping was performed for an area of 9.35 km2 of the geomorpho-

logical unit of hills in the Dubračina River Basin. Based on the visual interpretation of

LiDAR imagery, supplemented by field reconnaissance mapping of damaged roads and

structures, 48 landslides were identified. In this first phase of landslide inventory prepara-

tion for the area of the Dubračina River Basin, a preliminary landslide inventory map

presents data on locations of all identified landslides. Three examples of identification of

landslide contours are given to show different possibilities in visual interpretation of

airborne LiDAR imagery.

Keywords

Landslide topography � Airborne LiDAR � Reconnaissance mapping � Landslide inventory
map

Introduction

The Dubračina River Basin is situated in the Primorsko-

Goranska County in Croatia (Fig. 1). It represents a lower

part of the elongated unique morpho-structural unit Rječina

Valley—Bakar Bay—Vinodol Valley and covers an area of

43.5 km2. This Basin is a pilot area of the Japanese-Croatian

SATREPS FY2008 joint-research project with the final

objective of landslide hazard mapping (Mihalić and Arbanas

2013). In order to make reliable maps that predict the land-

slide hazard and risks in a certain area, it is crucial to have

insight into the spatial distribution and frequency of

landslides. Therefore, each landslide hazard or risk study

should start by making a landslide inventory that is as

complete as possible in both space and time (Van Westen

et al. 2008).

The main source of data for landslide inventory mapping

in the Dubračina River Basin was airborne LiDAR (Light

Detection and Ranging) data which permits an improvement

in landslide identification, and more generally in geomorpho-

logical mapping (Jaboyedoff et al. 2012; Guzzetti et al. 2012).

Airborne LiDAR for the study area of the 43.22 km2 area was

taken in March 2012, to visually identify landslides from high

resolution LiDAR-derived imagery (resolution of 1 � 1 m).

The first step was derivation of geomorphological units on the

basis of geomorphological conditions, which reflects land-

slide processes. Seven geomorphological units, described in

Bernat et al. (2014), are characterized by different landslide

types depending on geological and morphological conditions.

Most landslides in the Dubračina River Basin are in the

geomorphological unit of hills built of siliciclastic rocks.

The total area of this geomorphological unit is 9.33 km2.

This paper presents results of systematic landslide mapping

in the geomorphological unit of hills in the first phase of

landslide inventory preparation. Visual interpretation of

LiDAR imagery was supplemented by field reconnaissance

mapping of damaged roads and structures.
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Description of the Study Area

Basic morphological and geological conditions of the

Dubračina River Basin are presented in Fig. 2a, b. The

elevations in this area range from 5 to 920 m a.s.l., and

the prevailing slope angles (58 %) between 5� and 20� are

present in the middle part of the basin. Along the northeast

and southeast border, the valley is surrounded by steep cliffs

whose peaks reach 922 m. The basin has an asymmetrical

cross section (in the NE-SW direction) with a prominently

longer northeast slope and a shorter southwest slope. The

ridge peaks on the southwest side reach 357 m, and the

valley bottom is 30 m a.s.l. Karstified carbonate rocks

(mostly Upper Cretaceous and Paleogene limestones) are

visible at the top of the slopes and cover 55 % of the basin

area. The clearly marked rocky scarps represent the rim of

the karstic plateau at the top of the NE slopes (Benac et al.

2010). Siliciclastic rocks of Eocene age (siltstones and

sandstones interlayered with breccias and conglomerates

and limestone) are situated in the lower slopes and in the

bottom of the valley, but they are mostly covered by slope

deposits.

Figure 2c shows seven geomorphological units distin-

guished in the Dubračina River Basin: alluvial plain;

proluvium; terrace slope; hills; mountain slope; limestone

wall; and karst plateau. Basic characteristics of the outlined

landform units are given with regard to geological settings,

geomorphological features and hydrological conditions in

Bernat et al. (2014). The main geological hazards in the

Dubračina River Basin are active geomorphological pro-

cesses in the form of different types of slope movements

and erosion processes. They cause significant economic

losses by damaging roads, facilities, houses and watercourses.

The focus of this paper is the study area in the geomor-

phological unit of hills built of Upper Eocene siliciclastic

rock mass, mostly covered by Quaternary slope deposits of

variable thicknesses. This unit is situated between the geo-

morphological units of limestone walls in the NE and allu-

vial plain and mountain slopes in the SW. Landslide and

erosion phenomena of different types and state of activity

are significant for the geomorphological unit of hills. Exces-

sive erosion is dominant in the sub-basin area of the Salt

Creek catchment (Fig. 3) resulting in badland relief

(Aljinović et al. 2010), which is also one of the main land-

slide causal factors in the study area. There are numerous

active landslides around the zones of erosion with clearly

expressed landslide features. The second landslide types are

generally larger, old dormant landslides, on gently inclined

slopes, but they are not so clearly expressed.

Data and Methods

In the creation of the landslide inventory of the Dubračina

River Basin the initial step was systematic landslide

mapping of a 9.33 square kilometer area of hills. An identifi-

cation of past and recent landslides was primarily based on

the visual interpretation of high-resolution airborne LiDAR

imagery.

LiDAR is a remote sensing technique that uses pulses of

light to gather information about the surface of the Earth. For

the LiDAR data used in this study, the flight took place in

March 2012. Ground-surface measurements were acquired

at an average density of five points per square meter. While

laser scanning measures altitudes of all objects scanned, for

the creation of a bare-earth DEM. post-processing is neces-

sary to remove undesired returns from buildings and

canopies (Van den Eckhaut et al. 2007). Using standard

operations in ArcGIS, three different topographical maps

were created from the bare-earth DEM: the hillshade map,

the slope map and the contour line map. The hillshade map

was generated with an azimuth angle of the illumination

source of 315� and with the sun angle of 45� draped over a

bare-earth DEM. The slope map characterizes the degree of

terrain slope angle and is classified by categories of the slope

angles, showing the areas of high slope angle in warmer (red,

orange, yellow etc.) and areas of low slope angle in cooler

(green) colors. The contour line map was created with 1 m

contour spacing.

Fig. 1 Geographical position of

the Dubračina River Basin
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All topographical maps were visually analyzed for topo-

graphical characteristics indicative of landslides, such as

scarps, hummocky topography, convex and concave slope

areas, midslope terraces, and offset drainages. Most of the

identified landslides are visible on the LiDAR imagery. Nev-

ertheless, some of the landslides were not easy to identify just

on the basis of the visual identification of landslide features

on LiDAR imagery. Such landslides were identified by addi-

tional field checking along roads. Moreover, there is one new

landslide that occurred in 2013, after the flight for the collec-

tion of the LiDAR data took place in March 2012. All

landslides identified by visual interpretation of the LiDAR

imagery were additionally checked and evaluated in the field.

A relatively dense road network in the investigated area

enabled efficient field checking of most of the study area.

Results

Figure 3 presents a preliminary landslide inventory map of

systematic landslide mapping of the 9.35 km2 area of geo-

morphological unit of hills, showing data about locations of

identified landslides. In total 48 landslides were identified.

There are 36 landslides identified by clearly visible topo-

graphical features on the LiDAR imagery. Occurrences of 35

landslides are related to zones of excessive gully erosion.

Locations of another 12 landslides were identified by field

mapping of damaged roads and structures. These landslides

mostly occur on much gentler inclined slopes and are in part

located in urbanized areas. Their original landslide topogra-

phy is almost entirely invisible on the LiDAR imagery due to

Fig. 2 Pilot area of the Japanese-Croatian project in the Dubračina

River Basin (43 km2) with the geomorphological unit of hills (9.33 km2)

outlined by a thick black line. (a) Elevationmap from the 1 � 1mDEM.

Histograms show the distribution of slope angle and elevation computed

from the DEM. Rose diagram shows the distribution of slope aspect (in

km2). (b) Generalized geological map showing the main stratigraphic

units. The original scale of the geological map is 1:25,000. (c) Geomor-

phological map showing different landform units
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human, mostly agricultural, activities. One landslide was

identified and located by mapping the most recent road

damage a few days before slope collapse occurred in May

2013.

In Fig. 3 there are three highlighted landslides which are

chosen as examples of significantly different landslide

features and topography regarding their visibility on

LiDAR imagery. Figures 4, 5 and 6 shows bare-earth

LiDAR DEMs with interpreted landslide contours for

Potok, Pelići and Marušići landslides.

Figure 4 presents the previously unknown Potok land-

slide. It was identified in the area of gully erosion and

represents an example of a landslide occurring in combi-

nation with excessive erosion. The landslide topography is

clearly visible on all three topographic maps. Due to its

remarkable landslide features, especially the main scarp,

zone of accumulation and zone of depletion, as well as

intensive hummocky topography of the landslide body, an

accurate landslide contour could be outlined. The landslide

area is 0.70 ha and the total length of landslide is approxi-

mately 145 m.

Figure 5 presents Pelići landslide, as an example of less

clearly visible landslide topography on all three topographic

maps. In the hillshade map it was recognized due to its

remarkable undulating topography. The zone of accumu-

lation is the most clearly visible among all the landslide

features. The zone of depletion is also clearly visible in the

hillshade map, but less clearly than the zone of accumulation.

Fig. 3 Preliminary landslide inventory map of 9.35 km2 area in

siliciclastic rocks of the geomorphological unit of hills, showing data

on locations of landslides identified by visual interpretation of LiDAR

imagery supplemented by field reconnaissance mapping of damaged

roads and structures. The badlands area in the Salt Creek is outlined by

a red line

Fig. 4 Composite display of three topographic derivative maps of the

Potok landslide. The estimated extent of landslide is outlined by red and
black contours. (a) Hillshade map generated with an azimuth of 315�

and a sun angle of 45� draped over a bare-earth DEM. (b) Slope map

showing areas of high slope angle inwarmer colors (red, orange, yellow)
and areas of low slope angle in cooler colors (green). (c) Contour map

generated with a 1 m contour spacing
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In the slope map, the zone of accumulation has characteristi-

cally lower slope angles than slope angles in the zone of

depletion. Small erosional channels occur in the middle of

the zone of depletion. The landslide crown is partially

smoothed and thus less clearly visible in the hillshade and

slope maps. The right edge of the depletion zone and middle

zone of Pelići landslide is almost completely eroded. The

position of right flank of the Pelići landslide body was mostly

assumed, due to its invisibility. In the left side of depletion

zone small agricultural terraces are situated. The landslide

area is about 4 ha and the total landslide length is 430 m.

Assumed landslide depth is about 15 m. Recent activity of

landslide was indicated by damage to the road in the area of

the landslide crown.

Figure 6 presents Marušići landslide, which was prima-

rily identified by field reconnaissance mapping. The location

of the landslide was identified on the basis of recent damage

to a reconstructed road. Landslide contours were subse-

quently visually interpreted on the LiDAR imagery. The

landslide topography is, for the most part, not clearly visible,

caused in part by the highly modified original topography in

the middle part of the landslides, where houses and road are

located. Topographical features of the zone of accumulation

are poorly visible on the hillshade map. The main scarp and

the crown must be completely assumed, due to their invisi-

bility on the DEMmaps, as well as the zone of depletion. On

the slope map, the slope angles are uniform over the whole

landslide body and are at low angles. Due to the poorly

Fig. 5 Composite display of three topographic derivative maps of the

Pelići landslide. The estimated extent of landslide is outlined by red and
black contours. (a) Hillshade map generated with an azimuth of 315�

and a sun angle of 45� draped over a bare-earth DEM. (b) Slope map

showing areas of high slope angle inwarmer colors (red, orange, yellow)
and areas of low slope angle in cooler colors (green). (c) Contour map

generated with a 1 m contour spacing

Fig. 6 Composite display of three topographic derivative maps of the

Marušići landslide. The estimated extent of landslide has a red contour.
(a) Hillshade map generated with an azimuth of 315� and a sun angle of
45� draped over a bare-earth DEM. (b) Slope map showing areas of

high slope angle in warmer colors (red, orange, yellow) and areas of

low slope angle in cooler colors (green). (c) Contour map generated

with a 1 m contour spacing
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expressed topographical features on the LiDAR imagery, the

landslide contours can be considered as less reliable, but are

is still useful as an indication of a potentially hazardous old

landslide.

Discussion and Conclusions

A landslide inventory map was created for the part of the

Dubračina Basin area with the highest landslide density,

i.e., geomorphological unit of hills of 9.35 km2. Based on

identification of 48 landslides, it is estimated that landslide

frequency is more than 5 landslides per square kilometer.

According to the landslide inventory map, the spatial

landslide distribution is irregular and most of the

landslides are associated with zones of excessive erosion.

Most of landslides (36 landslides) were identified by

visual interpretation of airborne derived bare-earth LiDAR

imagery and were additionally checked in the field. There

are 35 landslides characterized by clearly visible topo-

graphical features and they are mostly in zones of intensive

erosion, with the highest density of landslides. They are

shallow to moderate shallow (landslide depth <10 m) and

small to moderate small, with landslide volumes in a range

of 103–105 m3. Almost all of them are active. In total, 16

landslides are located near an urbanized area, causing

continuous road and structure damage.

There are 12 landslides which were primarily identified

by field mapping of damaged roads and structures. After

that, it was possible to identify them visually on LiDAR

imagery. These landslides occur on much gentler inclined

slopes and they are very old. Moreover, long influence of

anthropogenic (mostly agricultural) activities signifi-

cantly changed the original landslide topography and

therefore they are almost entirely invisible on the LiDAR

imagery. These landslides are generally larger (landslide

volume greater than 105 m3) with landslide depths in a

range of 10–15 m.

The applied methods of interpretation of airborne

derived bare-earth LiDAR imagery from March 2012

proved to be useful for derivation of a landslide inventory

map of the Dubračina River Basin with the following

advantages and limitations. The high resolution of the

DEM and of derivative topographic maps results in a

high level of visibility of the main landslide features

and accuracy in the identification of zones of depletion

and accumulation, landslide contours and irregular topo-

graphy of displaced masses. Hillshade maps can provide

a very powerful visual aid for landslides identification,

but their usefulness depends on the sun angle and the

azimuth used in processing the derivative map. To utilize

hillshade maps effectively requires the generation of

multiple hillshade maps with varying modeled sun angles

and azimuths for the source light, since not all features

share a similar aspect. Contour maps are useful to get a

general insight into zones of depletion and accumulation,

which are important to distinguish landslide phenomena

from other geomorphological forms. Hillshade and slope

maps are necessary for delineation of landslide contours.

The inventory of the Dubračina River Basin is a geo-

morphological historical landslide inventory, but without

known time of landslide activation and/or landslide ages.

It presents a solid base for further archiving of data about

new or reactivated landslides. Continuous updating of the

inventory is possible on the basis of data from different

landslide sources (e.g., reported landslides, detailed

investigation etc.)
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erosion phenomena in theDubračinaRiverBasin: a geomorphological

approach. In: Landslide and flood hazard assessment. Proceedings of

1st regional symposium on landslides in the Adriatic-Balkan region,

6–9 April 2013. Zagreb, Croatia

Guzzetti F, Mondini AC, Cardinali M, Fiorucci F, Santangelo M,

Chang K-T (2012) Landslide inventory maps: new tools for an old

problem. Earth Sci Rev 112:42–66

JaboyedoffM,Oppikofer T,Abellań A,DerronMH,LoyeA,Metzger R,
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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 (*)
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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, infra-

structure development projects for road and harbor

facilities, and landslide-disaster prevention and mitiga-

tion works since its foundation in 1947. The company

has recently developed remote-sensing technology

using the laser profiler, satellite synthetic aperture

radar, and a new monitoring 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.

844 K. Sassa

http://www.kk-grp.jp/english/
http://overseas@kk-grp.jp/
http://www.csgsrl.eu/
http://csg@csgsrl.eu/
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ICL Supporters:

The United Nations Educational, 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 Reduction Secretariat (UNISDR) / The United Nations University (UNU) / International 
Council for Science (ICSU) / World Federation of Engineering Organizations (WFEO) / International Union of Geological 
Sciences (IUGS) / Government of Japan

Kawasaki Geological Engineering Co., Ltd., Tokyo, Japan / Marui & Co., Ltd., Osaka, Japan / Okuyama Boring Co., Ltd., 
Yokote, Japan / GODAI Development Corp., Kanazawa, Japan / Japan Conservation Engineers & Co., Ltd, Tokyo / Kokusai
Kogyo Co., Ltd., Tokyo, Japan / Nippon Koei Co., Ltd., Tokyo, Japan / Ohta Geo-Research Co., Ltd., Nishinomiya, Japan /
OSASI Technos Inc., Kochi, Japan / OYO Corporation, Tokyo, Japan / Sabo Technical Center, Tokyo, Japan / Sakata Denki 
Co., Ltd., Tokyo, Japan

International Consortium on Landslides, 138-1 Tanaka Asukai-cho, Sakyo-ku, Kyoto 606-8226, Japan
Web: http://icl.iplhq.org/, E-mail: secretariat@iclhq.org
Tel: +81-774-38-4834, +81-75-723-0640, Fax: +81-774-38-4019, +81-75-950-0910

Albania Geological Survey / Federal University of Parana, CENACID-UPFR, Brazil/ Geological Survey of Canada / 
Chinese Academy of Sciences, Institute of Mountain Hazards and Environment / Northeast Forestry University, China /
Bureau of Land and Resources of Xi’an, China / China Geological Survey / Nanjing Institute of Geography and Limnology, 
Chinese Academy of Sciences / Universidad Nacional de Columbia, Columbia / City of Zagreb, Emergency Management 
Office, Croatia /Croatian Landslide Group (Faculty of Civil Engineering, University of Rijeka and Faculty of Mining, 
Geology and Petroleum Engineering, University of Zagreb) / Charles University, Faculty of Science, Czech Republic /
Institute of Rock Structure and Mechanics, Department of Engineering Geology, Czech Republic / Joint Research Centre 
(JRC), European Commission /Technische Universitat Darmstadt, Institute and Laboratory of Geotechnics, Germany /
Universidad Politecnica de Ingenieria, UPI, Honduras / National Institute of Disaster Management, India / University 
of Gadjah Mada, Indonesia / Agricultural Research and Education organization (AREO), Iran / Building & Housing 
Research Center, Iran / International Institute of Earthquake Engineering and Seismology (IIEES), Iran / University of 
Firenze, Earth Sciences Department, Italy / Italian Institute for Environmental Protection and Research (ISPRA)  - Dept.
Geological Survey, Italy / Forestry and Forest Product Research Institute, Japan / Japan Landslide Society / Kyoto 
University, Disaster Prevention Research Institute, Japan / Niigata University, Research Institute for Natural Hazards 
and Disaster Recovery, Japan / University of Tokyo (Institute of Industrial Science and Department of Civil Engineering, 
Geotechnical  Engineering Group), Japan /  Korea Forest  Research Institute, Korea / Korea Infrastructure Safety & 
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Malaysia / Institute of Geography, National Autonomous University of Mexico (UNAM) / International Centre for Integrated 
Mountain Development (ICIMOD), Nepal / University of Nigeria, Department of Geology, Nigeria / International Centre 
for Geohazards (ICG) in Oslo, Norway /Grudec Ayar, Peru/ Moscow State University, Department of Engineering and 
Ecological Geology, Russia / Russian Academy of Sciences, Sergeev Institute of Environmental Geoscience (IEG RAS) /
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Faculty of Natural Sciences, Department of Engineering Geology, Slovakia / University of Ljubljana, Faculty of Civil and 
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