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Foreword

A series of extremely high-profile disasters — the Indian Ocean tsunami of
December in 2004, Hurricane Katrina, South Asian earthquake and the East
African drought in 2005, floods in Asia in 2007, Myanmar Cyclone and Sichuan
Earthquake in 2008, among other, underscored the importance of how better
cooperation between Government authorities and the international community
including scientific community would have played 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.

Landslide, floods, drought, wildfire, storms, tsunami, earthquakes and other
types of natural hazards are increasingly affecting the world. In the decade
1976-1985, close to billion people were affected by disasters. But by the most
recent decade, 1996-2005, the decade total had more than doubled, to nearly two
and a half billion people. In the last decade alone, disasters affected 3 billion
people, killed over 750,000 people and cost around US$600 billion. '

We cannot let this trend continue. Disaster risk concerns every person, every
community, and every nation; indeed, disaster impacts are slowing down devel-
opment, and their impact and actions in one region can have an impact on risks in
another, and vice versa. Without taking into consideration the urgent need to
reduce risk and vulnerability, the world simply cannot hope to move forward in
its quest for sustainable development and reduction of poverty.

The Hyogo Framework for Action 2005-2015: Building the Resilience of
Nations and Communities to Disasters, adopted at the World Conference on
Disaster Reduction (WCDR, Kobe, Hyogo, Japan, in January 2005), represents
the most comprehensive action-oriented policy guidance in universal under-
standing 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 the Hyogo Framework at all
levels, tangible and coordinated activities must be carried out. For the last
three years, we have seen many activities and initiatives developed to implement

! Data derived from the EM-DAT: The OFDA/CRED International Disaster Database,
www.en-dat.net, Universite Catholiqué de Louvain — Brussels — Belgium
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Foreword

the Hyogo Framework in various areas. As a concrete activity in the area of
landslide risk reduction, the International Programme on Landslides has main-
tained the momentum created at the WCDR and has been moving forward, led
by the International Consortium on Landslides.

In January 2006, the Tokyo Action Plan on the International Programme on
Landslides (IPL) was adopted by IPL partners. The Tokyo Action Plan proposed
the creation of World Centers of Excellence on Landslide Risk Reduction
(WCoE), global cooperating Network of the IPL, and established the IPL Global
Promotion Committee and the IPL World Center as its secretariat to coordinate
and support implementation of the International Programme on Landslides. The
establishment of WCoE was decided at the first session of IPL Global promotion
commiittee in January 2007, and further examined and endorsed in the second
session of the IPL Global Promotion Committee held in Tokyo, at the United
Nations University on 21 January 2008. The World Centres of Excellence on
Landslide Risk Reduction should also further improve the global recognition of
landslide risk reduction and its social-economic relevance and entities contribu-
tion to this field.

As the Action Plan proposed, the first World Landslide Forum will be held
this year in order to bring together academics, practitioners, politicians and other
stakeholders to a global, multidisciplinary, problem-focused platform. The
objectives of the First World Landslides Forum are:

1. Promotion of research and exchange of experience through open Forums,
Symposia and Thematic Sessions

2. Sharing of advances and achievements of the International Programme on
Landslides

3. Designation of World Centers of Excellence on Landslide Risk Reduction

It is my great pleasure to see this valuable development. I expect the First World
Landslide Forum to make a substantive contribution in the area of landslide risk
reduction by the promotion of exchange of experience and achievements in
science and facilitating discussion on sustainable disaster risk management.

Salvano Bricefio
Director of United Nations Secretariat of the International
Strategy for Disaster Reduction
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The United Nations World Conference on Disaster Reduction (WCDR) was held
in Kobe, Hyogo, Japan on 18-22 January 2005. People from United Nations
organizations, governments, non-governmental organizations and individuals
who were willing to contribute to disaster reduction joined this Global Coopera-
tion Conference. This Conference was organized soon after the Indian Ocean
Tsunami disaster on 26 December 2004 which killed about 230,000 people. It is
apparent that this tragedy would have been reduced by understanding of mechan-
ism, preparedness, early warning, and evacuation. Landslide disaster can be
reduced by understanding of mechanism, prediction, hazard assessment, early
warning and risk management. In addition, landslides can be prevented from
occurring by various measures to remove landslide causes and to stabilize slopes,
while it is not possible to prevent most other hazards such as earthquakes, volcanic
eruptions, tsunamis, and typhoons. Thus, landslide disaster reduction is the func-
tion where human efforts and financial investment are most effective.

The International Consortium on Landslides (ICL), which was founded on
21 January 2002, sent 51 delegates to the WCDR. The number of delegates was one
of the biggest within participating entities. The ICL organized a thematic session
on the International Programme on Landslides (IPL) and the International Flood
Initiative (IFI) together with the flood group and UNESCO and other global
stakeholders. This session resulted in a Letter of Intent (Lol) concerning strength-
ening cooperation in research and learning on earth system risk analysis and
sustainable disaster management within the United Nations International Strategy
for Disaster Reduction (UN-ISDR). The Lol was approved by seven global
stakeholders: the United Nations Educational, Scientific and Cultural Organiza-
tion (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 (UN-ISDR), the United
Nations University (UNU), the International Council for Science (ICSU), and
the World Federation of Engineering Organizations (WFEQ) within the year 2005.

Based on this Letter of Intent, the Tokyo Round Table Discussion “Strength-
ening Research and Learning on Earth System Risk Analysis and Sustainable
Disaster Management within he UN-ISDR as Regards Landslides”- towards a
dynamic global network of the International Programme on Landslides (IPL)

Vii
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was held at the United Nations University, Tokyo, from 18 to 20 January, 2006.
The 2006 Tokyo Action Plan of the International Programme on Landslides
(IPL) was adopted by the participants in this Tokyo Round Table Discussion.
The Action Plan proposed the global cooperating network of the IPL, and
established the IPL Global Promotion Committee and the IPL World Centre
as its secretariat to coordinate and support implementation of the International
Programme on Landslides. The Plan also proposed organization of a World
Landslide Forum in order to bring together academics, practitioners, politicians,
and other stakeholders to a global, multidisciplinary, problem-focused platform.
The first IPL Global Promotion Committee was held in January 2007 at the
UNU, Tokyo, where it was decided to organize the First World Landslide Forum
at the UNU on 18-21 November 2008. This decision led to a very short prepara-
tion time. The ICL is expected by its Statutes to organize its General Assembly
every 3 years in order to disseminate its activities and to provide a forum for open
discussion and new initiatives from all participants. The First General Assembly
was organized at the Keck Center of the National Academy of Sciences,
Washington, D.C., U.S.A. on 12—14 October 2005. Aims of the General Assem-
bly are well represented by the World Landslide Forum. Thus, the First World
Landslide Forum was planned for 2008, including the aim of the General
Assembly of ICL. The First World Landslide Forum is jointly organized by the
following global stakeholders together with the ICL:

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

Honorary Chairpersons: Salvano BRICENO (Director of UNIISDR),
Jacques DIOUF (Director-General of FAQO), Konrad OSTERWALDER
(Rector of UNU), Michel JARRAUD (Secretary-General of WMO), Koichiro
MATSUURA (Director-General of UNESCO), Goverdhan MEHTA (President
of ICSU), Shuzo NISHIMURA (Executive Vice President of Kyoto University)

Chairperson: Kyoji SASSA (President of ICL, IPL World Centre), Co-
Chairpersons: Paolo CANUTI (European Centre of ICL, University of Florence),
Srikantha HERATH (Senior Academic Programme Officer of UNU), Kazuhiro
ISHIHARA (Director of Disaster Prevention Research Institute of Kyoto
University), Howard MOORE (Senior Advisor of ICSU), Badaoui ROUHBAN
(Chief, Section for Disaster Reduction of UNESCO), Peter Lytlle (U.S. Geological
Survey)

The Forum will organize an Open Forum “Progress of IPL Activities”; a
Plenary Symposium “Global Landslide Risk Reduction”; Keynote lectures;
Thematic Parallel Sessions; Public forum “Protection of Society and Cultural
and Natural Heritage from Landslides”, including a session titled “Landslides for
Children”, which will invite 50 children from landslide disaster areas of the
Philippines, Shikoku Island and Niigata Prefecture, Japan; and the monthly
exhibition “Landslides and Risk Mitigation of the World”. This volume presents
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(1) Progress of IPL Activities, (2) eight keynote lectures, (3) three examples of
IPL Projects from research, capacity building and the protection of cultural
heritage, (4) Major contents of 16 thematic parallel sessions which are classified
by four global cooperation fields proposed by the Tokyo Action Plan as follows:

Global Cooperation Field (1): Technological Development

1. A look from space, 2. Mapping: Inventories, susceptibility, hazard and risk,
3. Monitoring, prediction and early warning

Global Cooperation Field (2): Targeted Landslides: Mechanism and Impacts

1. Catastrophic slides and avalanches, 2. Cultural Heritage and Landslides:
research for risk prevention and conservation, 3. Landslides and multi-
hazards, 4. Rainfall, debris flows and wildfires

Global Cooperation Field (3): Capacity Building

1. Case studies and national experiences, 2. Education, capacity building and
public awareness for disaster reduction, 3. International cooperation initia-
tives, 4. Policy and institutional framework for disaster reduction

Global Cooperation Field (4): Mitigation, Preparedness and Recovery

1. Climate change and slope instability, 2. Economic and social impact of land-
slides, 3. Environmental impact of landslides, 4. Engineering measures for land-
slide disaster mitigation, 5. Watershed and forest management for risk reduction
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Progress of IPL Activities




Progress of the International Programme on 1
Landslides (IPL) - Objectives of the IPL and

the World Landslide Forum

Kyoji Sassa

Abstract The First World Landslide Forum is organized on 18-21 November
2008 at the United Nations University, Tokyo, Japan. Landslides are known to
cause significant disasters every year over many parts of the world. The risk
reduction of disastrous landslides is essential for the Hyogo Framework for
Action 2005-2015 “Building the Resilience of Nations and Communities to
Disasters” which was adopted during the United Nations World Conference
on Disaster Reduction (WCDR) held in Kobe, Japan in 2005.

The International Consortium on Landslides (ICL), United Nations Organi-
zations, Governments and Non-government organizations collaborated to orga-
nize a global cross-cutting and cooperative platform for the 2006 Tokyo Action
Plan. As a basis of joint discussion for the development of the International
Programme on Landslides (IPL) during and after the 2008 World Landslide
Forum, the process from the 2002 establishment of ICL to the organization of
2008 WLF and their concepts are presented herein.

Keywords Landslides « Disaster risk reduction « International Consortium on
Landslides (ICL) < International Programme on Landslides (IPL) « World
Conference on Disaster Reduction (WCDR)

1.1 Establishment of ICL and IPL

Landslide researchers and representatives from
United Nations Organizations related to landslides
attended the UNESCO-Kyoto University Joint
symposium “Landslide risk mitigation and cultural
and natural heritage” held in January 2002 in
Kyoto, Japan. The symposium was supported by
the Ministry of Foreign Affairs of Japan and the
Japanese National Commission for UNESCO. Par-
ticipants included Mr. Michel Jarraud, Secretary-

K. Sassa (><)
President of International Consortium on Landslide,
Director of IPL World Centre

General of World Meteorological Agency, Badaoui
Rouhban (Section Chief for Disaster Reduction of
UNESCO), Andras Szollosi-Nagy (Director of
Water Science, UNESCO), Pedro Basabe (Techni-
cal Advisor of UN/ISDR) in the present affiliation,
as well as Robert Schuster (the First Varnes Medal
recipient), Paolo Canuti (University of Florence)
and many other landslide experts. Participants
from the scientific community, United Nations
Organizations and Governments examined the
need to establish an organization promoting
research and learning to reduce the impact of land-
slide disasters. Consequently, they agreed to estab-
lish an International Consortium on Landslides
(ICL) by adopting the 2002 Kyoto Declaration,
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the Statutes of ICL, and the nomination K. Sassa as
the first President.

2002 Kyoto Declaration “Establishment of an
International Consortium on Landslides

We, international experts in the fields of
landslide research, disaster reduction, in par-
ticular landslide risk mitigation and protec-
tion of cultural and natural heritage, who are
gathering in the ICL Foundation Meeting
held in the International Symposium on
Landslide Risk Mitigation and Protection
of Cultural and Natural Heritage organized
in January 2002 in Kyoto, discussed the
foundation of an international non-govern-
mental and non-profit making scientific
organization named as an International
Consortium on Landslides (ICL) to promote
and coordinate landslide research for the
benefit of society and the environment in
the global scale, and agreed on the following
principal objectives of ICL:

(1) To promote landslide research and capa-
city building including education for the
benefit of society and the environment;

(2) To integrate geosciences and technology
within the appropriate cultural and social
contexts with an aim to evaluate land-
slide risk in urban, rural and developing
areas and cultural and natural heritage
sites, as well as to contribute to the pro-
tection of the natural environment and
sites of high societal value;

(3) To combine and coordinate international
expertise in landslide risk assessment
and mitigation studies, thereby resulting
in a renowned international organiza-
tion, which will act as a partner in various
international and national projects; and

(4) To promote a global multidisciplinary
Programme on landslides.

Members of ICL shall include, inter alia,
(a) Intergovernmental entities, (b) Non-
governmental Organizations, (¢) Governmen-
tal agencies and departments, universities,

research institutes and other public institutions
and (d) Other organizations that support the
objectives of ICL intellectually, practically and
financially. The United Nations system Orga-
nizations, entities and Programmes will be
invited to provide special support.

Accordingly, we have unanimously
agreed and declared to found the Interna-
tional Consortium on Landslides under the
Statutes attached.

Date: 21 January 2002
Place: Kyoto, Japan

Fig. 1.1 presents a group photo of participants of
this founding meeting of ICL.

Following the ICL foundation meeting, two
Interim Steering Committee meetings of ICL were
organized in Prague and UNESCO. A new global
multidisciplinary Programme on landslides origin-
ally proposed in the 2002 Kyoto Declaration was
developed and named the International Programme
on Landslides (IPL). Basic principles regarding the
ICL and IPL management and the bylaws were
established. Members of ICL were called. The initial
33 ICL members gathered at the First Session of the
Board of Representatives held at UNESCO Head-
quarters in Paris, France. The International Pro-
gramme on Landslides was then formally initiated.
The publication of the New International Journal
“Landslides” was the primary and life-time project
of the International Programme on Landslides.
The publication started in April 2004. The journal
was the first full color scientific journal without
additional color contribution fee. The common
information for various specific fields of landslide
scientists and engineers is photos of landslides. Full
color publication of photos, geological maps and cross
sections, and other information are vitally important
for the cross-disciplinary field of landslide science.

1.2 Motivation for IPL and ICL

Most of the initial members of ICL were members
of the UNESCO and IUGS (International Union of
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Fig. 1.1 Establishment of the international consortium on landslides on 21 January 2002

Geological Sciences) joint programme called as
IGCP (International Geological Correlation Pro-
gramme, later changed to International Geoscience
Programme), No. 425 entitled “Landslide hazard
assessment and mitigation for Cultural heritage
sites and other locations of high societal value”.
The project started in 1998 and terminated 2004
during which time it supported 31 subprojects
from various countries. The budget allocated from
the IGCP was approximately 4000 USD/year. As
with most IGCP projects, this funding was shared
amongst participants to the meeting of IGCP-425.
It was a few hundred USD per each subproject.
However, this “seed” funding and the authoriza-
tion as a sub-project of the international
programme was very effective for obtaining
evaluation and raising funds in each country. Sub-
sequently, participants wished to create a New
International Programme focusing on Landslides
by themselves as an evolution of IGCP-425. It was
clear that no existing organization was able to
create such a “consortium” because “landslides”
are a marginal issue for most other existing orga-
nizations. The founding members aimed to launch
an international organization (ICL) focusing on
Landslides to host a new International Programme
for Landslide research and capacity building (IPL).
Therefore, ICL itself was not the main purpose of the
members, but rather it was to create an organization
to host the IPL.

1.3 Development of IPL from WCDR
to Tokyo Action Plan

The United Nations World Conference on Disas-
ter Reduction (WCDR) was organized in Kobe,
Japan in 18-22 January 2005. Many UN organiza-
tions, government organizations, and Non-gov-
ernmental organizations joined this conference to
contribute towards an International Strategy for
Disaster Reduction (ISDR). ICL organized a the-
matic session 3.8 “New International Initiative for
Research and Risk Mitigation of Floods (IFI) and
Landslides (IPL) together with UNESCO, WMO,
FAO, UNU, TAHS, Kyoto University, Public
Works Research Institute, etc. Originally the
flood group and landslide group planned to orga-
nize events independently, but were advised to
combine by the UN/ISDR office. As a result, it
was quite successful. Within the session, ICL pro-
posed a

Letter of Intent concerning strengthening
cooperation in research and learning on
earth system risk analysis and sustainable
disaster management within ISDR.

It was agreed and approved by seven global stake-
holders of UNESCO, WMO, FAO, UN/ISDR,
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Fig. 1.2 Round table discussion based on the letter of intent to promote the international programme on landslides

UNU, ICSU (International Council for Science)
and WFEO (World Federation of Engineering
Organizations). The electronically combined Letter
of Intent is attached at the end of this article. This
Letter of Intent by 7 global stakeholders is one of
several milestones for the development of the Inter-
national Programme on Landslides.

To implement an activity related to this Letter of
Intent, ICL, UNESCO, WMO, FAO, UN/ISDR,
UNEP, UNU and Kyoto University jointly orga-
nized the Round Table Discussion on Strengthen-
ing Research and Learning on Earth System Risk
Analysis and Sustainable Disaster Management
within UN-ISDR as regards “Landslides”, toward
a dynamic global network of International
Progrmme on Landslides (IPL) on 18-20 January
2006 at the United Nations University, Tokyo,
Japan.

Figure 1.2 shows the participants of the 3 days
long round table discussion, where participants
agreed and approved the 2006 Tokyo Action Plan
for the activities in the field of landslides until the
next milestone of WCDR in 2015. The Tokyo
Action Plan is the most important achievement of
ICL and ICL supporting organizations to contribute

to the landslide disaster reduction. It is attached in
the end of this chapter.

1.4 Objectives of IPL

The International Program on Landslides (IPL) is an
international initiative of the IPL Global Promotion
Committee which consists of members of the Inter-
national Consortium on Landslides and ICL sup-
porting organizations.

IPL aims to conduct international cooperative
research and capacity building on landslide risk
mitigation, notably in developing countries. Protec-
tion of cultural and natural heritage will be
addressed for the benefit of society and the environ-
ment. The activities of IPL will contribute to the
International Strategy for Disaster Reduction
(ISDR).

The IPL projects will comprise 3 types as shown
in Fig. 1.3:

1) Core project: Landslide Journal (C100) for the
life time of IPL
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Fig. 1.3 Types of international programme on landslides

2) Coordinating Projects which are proposed and
approved by IPL Global Promotion Committee
for the long term (more than 5 years)

3) Member projects which are proposed by one
or more ICL members and approved by
IPL Global Promotion Committee (2-5
years)

The policy and basic principle of IPL adopted
in the first IPL Global Promotion Committee in
2007 is;

1) IPL member projects will be proposed to the IPL
Global Promotion Committee from ICL mem-
bers. When it will be approved by the IPL Glo-
bal Promotion Committee, it is identified to be
an on-going IPL member project.

2) IPL Coordinating projects may be suggested by
anybody in the IPL Global Promotion Commit-
tee. When it will be approved after examination
by the Committee, it is identified to be an on-
going IPL coordinating project.

3) ICL supporting members which exchange MoU
with ICL or provide Subvention to IPL and all
ICL members have voting rights in the decision
on IPL project and its management in the IPL
Global Promotion Committee. One member
organization has one voting right.

4) Global Stakeholders and Government agencies
which are willing to support IPL are invited to
the IPL Global Promotion Committee as sup-
porting members.

5) IPL projects shall be applied to the IPL Global
Promotion Committee using the following Pro-
posal Form.

1.5 Objectives of WLF

The First World Landslide Forum aims to create a
global cross-cutting information and cooperative
platform for all types of organizations from acade-
mia, United Nations, governments, private sectors,
and individuals that are contributing to landslide
research and learning, and also willing to strengthen
landslide and other related earth system risk reduc-
tion. The objectives of WLF are;

1.5.1 Promotion of Research
and Exchange of Experience

Various types of meetings are proposed and orga-
nized including open forums, symposia, thematic
sessions, panel discussion, dialogues on country
landslide issues, consultation of specific landslide
and monthly exhibition. Research and exchange of
experience are promoted through these activities.

1.5.2 Advances and Achievements of IPL

Proposals and reports on IPL projects will be pre-
sented for the planned global cooperating fields,
which are listed hereafter.

1.5.3 Nomination of the World Centres
of Excellence on Landslide Risk
Reduction

The IPL Global Promotion Committee is now call-
ing for application from candidates of the World
Centre of Excellence. The explanation of WCOoE is
as follows:
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The 2006 Tokyo Action Plan proposed the
creation of World Centres of Excellence on
Landslide Risk Reduction as follows: “The
Global Promotion Committee (GPC) of the
International Programme on Landslides
(IPL) will identify and promote World Cen-
tres of Excellence (WCoEs) every 3 years
within eligible organizations, such as univer-
sities, institutes, NGOs, government minis-
tries and local governments, contributing to
“Risk Reduction for Landslides and Related
Earth System Disasters”. Linkages to WCoEs
at the national level will be used to promote
cooperation with the ICL and dissemination
of knowledge and information. An indepen-
dent Panel of Experts, set up by the Global
Promotion Committee of International Pro-
gramme on Landslides (IPL-GPC), may be
appointed to endorse the WCoEs. The estab-
lishment of WCoE was decided at the first
session of the IPL Global Promotion commit-
tee in January 2007, and further examined
and endorsed during the second session of
the IPL Global Promotion Committee held
at UNU on 21 January 2008.

Objectives of WCoE:

To strengthen the International Programme
on Landslides (IPL) and IPL Global Pro-
motion Committee;

To create “A Global Network of entities con-
tributing 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.

Criteria for WCoE Candidates:

Governmental and non-governmental enti-
ties such as universities, agencies, and other
institutions, and their subsidiary entities
(faculties, departments, centres, divisions or
others) which meet the following two
conditions:

o Contributing to “Risk Reduction for
Landslides and Related Earth System
Disasters”; and

e Willing to support IPL intellectually,
practically and financially by either join-
ing ICL or contributing to IPL-GPC and
promote “landslide research and risk
reduction” on a regional and/or global
scale in a mutually beneficial manner.

Acknowledgement We wish to develop an effective global
cooperation network for research and leaning on landslide
risk mitigation through the Forum and the follow-up activ-
ities, and our landslide community can contribute to the
Hyogo Framework for Action 2005-2015 “Building the Resi-
lience of Nations and Communities to Disasters”. Finally we
appreciate the encouragement and continued support we
obtain from United Nations Organizations, Governments,
NGOs as well as individual landslide experts since the foun-
dation of ICL in January 2002.
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LETTER OF INTENT
“United Nations World Conference on Disaster Reduction (WCDR)”, Kobe, Japan, 18-22 January 2005

This ‘Letter of intent’ aims to provide a platform for a holistic approach in research and leaming on ‘Integrated Earth system risk analysis and sustainable
disaster management.

Rationale

s  Understanding that any discussion about global sustainable development without addressing the issue of Disaster Risk Reduction is incomplete;

+  Acknowledging that risk-prevention policies including waming systems related o Natural Hazards must be improved or established,

o Underlining that disasters affect poor people and developing countries disproportionately;

» Stressing that after years of under-investment in preventive scientific, technical and communicational infrastructure activities it is time to change
course and develop all activities needed to better understand natural hazards and to reduce the vulnerability notably of developing countries to
natural hazards, and

» Acknowledging that a harmful deficiency in coordination and communication measurements related to Disaster Risk Reduction exists.

Proposal
Representatives of United Nafions Organisations, as well as the Scientific {ICSU) and Engineering (WFEO) Communities propose to promote further joint
global activities in disaster reduction and risk prevention through

Strengthening research and learning on ‘Earth System Risk Analysis and Sustainable Disaster Management’ within the
framework of the ‘United Nations International Strategy for Disaster Risk Reduction’ (ISDR).

More specifically it is proposed,
based on the existing structural framework of the ISDR and plan of action of the UN-WCDR, as well as other relevant networks and institutional and
international expertise,

to establish specific, goal-oriented ‘Memoranda of Understanding’ (MoUs) between international stakeholders targeting
Disaster Risk Reduction, for example focusing on landslide risk reduction, and other natural hazards.

Invitation
Global, regional and national competent institutions are invited to support this initiative by joining any of the specific MoUs following this lefter through
participation in clearly defined projects related to the issues and objectives of any of the MoUs.

Signatories: " N ﬁb\
e = /[/L/ % - /

“ = o B - T /
2’ P i /-L/E/

Mr. Koichiro Matsuura Mr-Michel Jarraud Mr. Jhm Iour Mr. Sélvano Bricefio
Director-General 5':1: ry-General Dlrecto Director
United Nations kducational, World Meteorological Food and ﬁgrlculture UN International Strategy
Scientific and Cultural Organization Organization of the United for Disaster Risk Reduction
Organization Nations
4 MAR 2005 22. 3. 15 LLVL 2005 ty.oear

Date Date Date Date

Mr. Hdns van Ginkel m .‘l ne Lubchanm Ms Fratidoise Come

Rector nt Executive Director

United Nations University Intemnonal Council for Science World Federation of Engineering Organizations

/4.er.05. .04 65 ),‘f/ J-} ooy
Date Date Date ’

The International Consortium on Landsiides (ICL) proposed the “Letter of Intent” at the thematic session 3.8 “New International Initiatives for
Research and Risk Mitigation of Floods (IFl) and Landslides (IPL)” of the United Nations World Conference on Disaster Reduction held on 19
January 2005 in Kobe, Japan. This is the Letter of Intent, which was electronically combined based on the original Letters of Intent, formally approved
and signed by all parties. All of the original Letters of Intent with signatures are deposited in the secretariat of the Intemational Consortium on
Landslides which is located in the Research Centre on Landsiides of the Disaster Prevention Research Insfitute, Kyoto University.

International Consortium on Landslides

Research Centre on Landslides, Disaster Research Institute, Kyoto University, Kyoto, Japan
Web: M}g E-mail; imu@landslide dggm acip, Tel: +81-774-38-4110, Fax: +81-774-32-5597
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The 2006 Tokyo Action Plan

Strengthening Research and Learning on Landslides
and Related Earth System Disasters for Global Risk Preparedness

Adopted in the Round Table Discussion on 20 January 2006 in Elizabeth Rose Hall of the United
Nations University, Tokyo

The 2006 Tokyo Round Table Discussion “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 the International Programme on Landslides (IPL) was held at the United
Nations University, Tokyo, from 18th to 20th January, 2006 to formulate a framework for cooperation
and to identify focus areas to reduce landslide risk worldwide. The following action plan was adopted as
a summary of the meeting, to be implemented within the scope of the Hyogo Framework for Action
20052015, “Building the Resilience of Nations and Communities to Disasters”, declared at the United
Nations World Conference on Disaster Reduction held in Kobe, Japan in 2005.

Preamble

Large and small landslides occur almost every year in nearly all regions of the world. Fig. 1 shows the
example for casualties in Japan for 1967-2004. Landslide disasters in Japan have occurred every year;
the total number of deaths due to landslides is about one half of those caused by earthquakes, including
the catastrophic 1995 Kobe earthquake.

“Landslides” are a complex-disaster phenomenon that can be caused by earthquakes, volcanic erup-
tions, heavy rainfall (typhoons, hurricanes), sustained rainfall, heavy snowmelt, unregulated anthropo-
genic developments, mining, and others (Fig. 2a). Large-scale coastal or marine landslides are known to
cause tsunami waves that kill many people; an example was the 1792 UNZEN-Mayuyama landslide,
which caused a devastating tsunami that resulted in 16,000 fatalities from the landslides and the tsunami in
Japan. Also large-scale landslides on volcanoes can dislocate the mountain tops and trigger volcanic
eruptions; such was the case for the 1980 eruption of Mount St. Helens in the USA and presumably for Mt.
Bandai in Japan. Landslides also may occur without earthquakes, heavy rains, volcanic eruptions, or

Fig. 1 Comparison of the
numbers of victims in
Japan from 1967-2004
due to landslide disasters,
earthquake disasters
including deaths by A |
earthquake-induced- 1967 1972 1977 1982 1987 1992 1997 2002

landslides, and volcanic
disasters including deaths
due to volcanic gas (The
statistics of victims by
landslide disasters since
1967 was published by the
Sabo Technical Center)

a by Earthquake Disasters
e by landslide Disasters

+ by Voleanic Disasters

Disaster Casualties (1967-2004): Earthquake Disasters = 7,008,

Landslide Disasters = 3,285; Volcanic Disasters = 57
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human activities due to progress of natural weathering; therefore, they occur almost everywhere in the
world. Landslides most commonly impact residents living on and around slopes.

Landslides are a natural phenomenon which can only be effectively studied in an integrated, multi-
disciplinary fashion, including contribution from different natural and engineering sciences (earth and
water sciences), and different social sciences. This is also the case because landslides are strongly related to
cultural heritage and the environment (Fig. 2b). Landslides should be jointly managed by cooperation of
different ministries and departments of government including some representing education, science and
technology, construction and transportation, agriculture, forestry, and the environment, culture and
vulnerable groups (the poor, aged, handicapped, or children). As landslides are highly localized phenom-
ena it is crucial to seek the contribution of local governments or autonomous communities (Fig. 2c).

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

Action Plan

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

Actions
1. Establishment of the IPL Framework

(1) Establishment of the IPL Global Promotion Committee

The IPL Global Promotion Committee shall be established by ICL members and ICL supporting
organizations, as illustrated in Fig. 3. The committee will meet annually, on the occasion of ICL
Board of Representative meetings, or possibly at other occasions and locations. The committee will
conceive a strategy to promote the 2006 Tokyo Action Plan, and will discuss the management of IPL
global cooperation fields, and their possible modification, selection, and termination.
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(2) Establishment of IPL World Centre

The IPL World Centre will be established to coordinate and support implementation of the global
cooperating fields of the International Programme on Landslides (IPL), which works as the
secretariat of the IPL Global Promotion Committee and the International Programme on Land-
slides (IPL). The Centre will be hosted by the Headquarter of the UNESCO-KU-ICL UNITWIN
Cooperation Programme “Landslide Risk Mitigation for Society and the Environment” in the
Research Centre on Landslides, Disaster Prevention Research Institute, Kyoto University, Kyoto,
Japan, where the secretariat of the International Programme on Landslides has been located since
its foundation in 2002.

2. Promotion of the Global Cooperating Fields of the International Programme on Landslides (IPL)
The global cooperating fields of IPL are identified as follows for the initial phase:

(1) Technology Development

A. Monitoring and Early Warning
e Use of various on-site, in-situ technologies, as well as satellite observations in monitoring land-
slide effects and contributing factors for early-warning purposes
o Development of automated monitoring methods covering large spatial extent and real-time data
communication, as well as low-cost monitoring devices
e Development of early-warning methodologies, in particular for rain-induced landslides
e Applications linking meteorological, hydrological and landslide models

B. Hazard Mapping, Vulnerability and Risk Assessment
e Hazard Mapping at local and global scales
e Vulnerability assessment, considering human life, land resources, structures, infrastructure, and
cultural heritage
e Risk assessment and communicating risk in an easily understood manner
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(2) Targeted Landslides: Mechanisms and Impacts

A. Catastrophic Landslides
e Catastrophic landslides induced by natural and anthropogenic factors such as rainfall, earth-

quakes, volcanic activity, river erosion, and human activities, and their combinations
e Landslides threatening human lives and high societal values
e Gigantic coastal landslides and marine landslides causing tsunamis

B. Landslides Threatening Heritage Sites
e Studies for protection of cultural heritage, cultural landscape, and the natural heritage from
landslides using non-invasive technologies and appropriate mitigation strategies (e.g. Machu
Picchu, Bamiyan, Lishan, Cordillera Blanca)

(3) Capacity Building

A. Enhancing Human and Institutional Capacities
e Building human capacities and expertise in landslide management
e Institution building at national and local levels through Centers of Excellence
e Enhancing implementation and action at local level

B. Collating and Disseminating Information/Knowledge
e Developing a culture of awareness on landslide risks
e Developing model policy frameworks, standards, guidelines/checklists, and training modules.

(4) Mitigation, Preparedness and Recovery

A. Preparedness
e Strengthening disaster preparedness of all stakeholders

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

e Forecasting and providing early warning of adverse conditions likely to lead to landslide activity

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

B. Mitigation

e Development of innovative, low-cost, and ecologically appropriate landslide mitigation techniques

e Mountain conservation methods, including soil conservation, forest and watershed management,
and appropriate land-use techniques
Appropriate civil engineering works, including construction and urban and coastal development;
Restricting inappropriate development in landslide prone areas
Development of appropriate policy and planning mechanisms, such as land-use management
(including zoning)

e Promotion and strengthening of monitoring and warning systems

C. Recovery
e Post-landslide recovery and rebuilding efforts should integrate landslide mitigation measures

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

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

e Providing long-term support to ensure sustainable recovery
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3. Promotional Activities

(a) World Landslides Forum

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

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

(b) Identificaion and Promotion of Workd Centres of Excellence on Landslide Risk Reduction

The IPL Global Promotion Committee will identify and promote World Centres of Excellence
(WCoE) every 3 years within eligible organizations, such as universities, institutes, NGOs,
government ministries and local governments, contributing to “Risk Reduction for Landslides
and Related Earth System Disasters”. Linkages to CoE at the national level will be used to
promote cooperation with the ICL and dissemination of knowledge and information. An
independent Panel of Experts, set up by the Global Promotion Committee of IPL, may be
appointed to endorse the CoEs.

(c¢) Contributions to Global Landslide Issues

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

(d) Partnerships

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



Projects of International Programme
on Landslides

Nicola Casagli, Giacomo Falorni and Veronica Tofani

2.1 Background

The International Program on Landslides (IPL) was
launched in 2002 as an initiative of the International
Consortium on Landslides (ICL). The main goal of
the program is to conduct cooperative resecarch and
capacity building on landslide risk mitigation, with
particular emphasis on developing countries. Within
this framework the different projects carried out
under the IPL umbrella aim to contribute to the Inter-
national Strategy for Disaster Reduction (ISDR).

The IPL Global Promotion Committee was
established within the 2006 Tokyo Action Plan. The
Committee consists of ICL members and ICL sup-
porting organizations and convenes annually during
the ICL Board of Representatives meetings, and
occasionally during other international events. The
main objectives of the committee are to conceive the
strategies for promoting the 2006 Tokyo Action
Plan, and to manage the IPL global cooperation
fields, the topics that are considered by IPL as the
most relevant for promoting international research,
cooperation and capacity building on landslide risk
mitigation. Since its establishment IPL has sup-
ported over 60 projects worldwide (Fig. 2.1).

Nicola Casagli (D<)
Department of Earth Sciences, University of Firenze,
Via Giorgio La Pira 4, 50121 Firenze, Italy

Giacomo Falorni
Department of Earth Sciences, University of Firenze, Italy
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2.2 The Global Cooperation Fields

In the initial stages of the IPL several global coopera-
tion fields (GCFs) have been identified as priorities.
These can be modified in the future, following
new technological developments or changing global
scenarios. The global cooperation fields were
indentified in the 2006 Tokyo Action Plan which
is attached in the end of Chapter 1 “Progress of
the International Programme on Landslides —
Objectives of IPL and WLF and the World Landslide
Forum-" of this book.

2.3 Overview of IPL Projects

In total, over 60 projects have been carried out
within the IPL community. Each year new projects
are proposed, ongoing projects are sustained and
completed projects are brought to a close. A com-
prehensive overview of the status of all IPL projects
is listed in Annex 2.1. Projects have regarded many
different areas of landslide research and engineer-
ing, creating opportunities of communication and
collaborative work between scientists and research-
ers from five continents (Fig. 2.2).

The geographic distribution of projects can
also be analyzed based on the countries involved
(Fig. 2.3). At least 23 nations have participated in
IPL projects. In cases of special interest, such as the
Machu Picchu Citadel in Peru, many international
consortiums have teamed up to analyze all aspects of
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Fig. 2.1 Worldwide distribution of IPL projects. Yellow stars mark countries with at least one project

landslide risk, leading to a concentration of projects
in these areas of particular societal value.

The IPL Promotion committee will continue
working on encouraging scientists and researchers
all around the world to apply for landslide-related
projects, and continue its scientific and financial
support of these initiatives.

The IPL Promotion committee will also work
towards the definition of global strategies for land-
slide research with an aim to help bringing different
actors together for the benefit of landslide research,
engineering, and best practices.

Brief descriptions of the Coordinating projects
and of some Member projects follow.

W Americas
W Asia

& Europe
u Africa

u International

Fig. 2.2 Distribution of IPL projects. International projects
are those with a global outreach

Some projects were terminated as IPL projects in
2007 and restarted as New IPL projects managed by
the IPL Global Promotion Committee in 2008.
Those are presented as 2002/2008.

Coordinating projects

Project no: C100

Project title: Landslides: Journal of the Interna-
tional Consortium on Landslides

Leader: Kyoji Sassa

Period: 2002/2008—

Status: In progress

Main Project field: (3) Capacity Building (B. Collating
and Disseminating Information/Knowledge)
Description: The aim of the journal Landslides is
to be the common platform for the publication of
integrated research on landslide processes, hazards,
risk analysis, mitigation, and the protection of our
cultural heritage and the environment. Landslides
are gravitational mass movements of rock, debris or
earth. They may occur in conjunction with other
major natural disasters such as floods, earthquakes
and volcanic eruptions. Expanding urbanization
and changing land-use practices have increased
the incidence of landslide disasters. Landslides as
catastrophic events include human injury, loss of
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Fig. 2.3 Number of IPL projects per country. The horizontal axis contains the country codes

life and economic devastation and are studied as
part of the fields of earth, water and engineering
sciences. The journal publishes research papers,
news of recent landslide events and information on
the activities of the International Consortium on
Landslides. The main topics are:

e Landslide dynamics, mechanisms and processes
e [andslide risk evaluation: hazard assessment,
hazard mapping, and vulnerability assessment
e Geological, Geotechnical, Hydrological and

Geophysical modeling
o Effects of meteorological, hydrological and
global climatic change factors
e Monitoring including remote sensing and other
non-invasive systems
e New technology, expert and intelligent systems
e Application of GIS techniques
Rock slides, rock falls, debris flows, earth flows,
and lateral spreads
e Large-scale landslides, lahars and pyroclastic
flows in volcanic zones
e Marine and reservoir related landslides
e Landslide related tsunamis and seiches
Landslide disasters in urban areas and along
critical infrastructure
Landslides and natural resources
Land development and land-use practices
Landslide remedial measures/prevention works
Temporal and spatial prediction of landslides
Early warning and evacuation
Global landslide database

Project no: C101-1

Project title: Landslide investigation and capacity
building in Machu Picchu — Aguas Calientes area.
Leader: Kyoji Sassa

Period: 2002/2008—

Status: In progress

Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)

Description: The objectives of the project are to
assess the landslide risk in the in Machu Picchu —
Aguas Calientes area and to build human capacities
and expertise in landslide risk management in order
to educate people to protect themselves and to
reduce the landslide risk using landslide monitoring
and early warning system.

The area of Machu Picchu — Aguas Calientes is
very dangerous, being often affected by landslides,
debris flows and rock falls. Many of poor people
are working in the Machu Picchu areas because of
recent rapid development of tourism. They do not
have enough knowledge and experience on land-
slides and their risk reduction measures.

The Project will be carried out through the instal-
lation of landslide monitoring system at the toe of
Machu Picchu slope and of debris flow detectors in
two debris flow torrents in Aguas Calientes area.

Furthermore education of residents and officers
of the Municipality of Machu Picchu will be done.
A workshop in the Peruvian Embassy in Tokyo will
be organized in order to disseminate theachieved
results to wider public.
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Project no: C101-1-1
Project title: Low environmental impact technolo-
gies for slope monitoring by radar interferometry:
application to Machu Picchu site
Leader: Claudio Margottini
Period: 2002-2006
Status: Completed
Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)
Description: The project proposes the application of
an integrated package of advanced technologies for
remote slope monitoring. Synthetic aperture radar
interferometry (SAR), implemented from satellite
and ground-based installations, is the core of this
integrated package, which also comprehends GPS,
optical/satellite image interpretation, field surveys
and geological/geomorphological investigations.
The proposed techniques are particularly suitable for
archaeological sites due to their remote sensing nature,
their low environmental impact, and the possibility of
investigating surface movements over large areas with-
out direct access to the unstable sites.

All the activities which have been carried out
during the project are:

e collection and survey of basic data (geology,
geomorphology, etc.) on the large Inca Park
area (32 km?);

e development of remote sensing monitoring by
means of satellite radar interferometry; calibration
with GPS network;

e geomorphological hazard map of the large Inca
Park area:

e application of ground based radar at a specific
site, selected on the base of task 3 and local
specific needs; calibration with GPS network;

e geomorphological hazard and risk map for local
site (Machupicchu hill);

e definition of low environmental impact mitiga-
tion strategies.

Project no: C101-1-2

Project title: Expressions of risky geomorphologic
processes in deformations of rock structures at
Machu Picchu

Leader: Vit Vilimek and Jiri Zvelebil

Period: 2002-2007

Status: Completed

Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)

Description: The objectives are:

e Evaluation of recent geomorphologic processes as
well as paleogeographical evolution of the area of
Mach Picchu Sanctuary. Multihazard analysis.

e Dilatometric monitoring of displacements of
rock outcrops;

e extenzometric monitoring across main Plaza.

e Hydrogeological investigations (reveal the role
of water in destruction of some structures in the
archaeological area)

e Weathering analysis and relative dating.

e General field research of debris flows in the
surrounded area of the archacological site.

Project no: C101-1-3

Project title: Shallow geophysics and terrain stabi-
lity mapping techniques applied to the Urubamba
Valley, Peru: Landslide hazard evaluation

Leader: Romulo Mucho and Peter Bobrowsky
Period: 2002-2006

Status: Completed

Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)

Description: The objective of this project is to
apply a suite of shallow geophysical techniques
at Machu Picchu in order to evaluate the nature
and character of overburden and bedrock at this
World Heritage Site. The methods are all non-
destructive and non-invasive and provide a good
three-dimensional expression of the subsurface
which can then be used by archacologists, geolo-
gists and engineers for slope stability analysis and
mitigation.

The aim of this collaborative work is to establish
the presence or absence of shear planes, failure
planes and/or significant faults at the site and
determine their importance in potentially trigger-
ing landslides. This work is important because the
nature of this site limits the possibility of using
subsurface drilling methods for confirmation of
models. The shallow geophysical results will be
the only evidence available for assessing the
subsurface and proving/disproving the landslide
potential theory.
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Project no: C101-2

Project title: Landslides monitoring and slope
instability at selected historic sites in Slovakia
Leader: Jan Vicko

Period: 2002—

Status: In progress

Main Project field: (1) Technological development
(A. Monitoring and early warning)

Description: The objectives are to clarify deep seated
deformations mechanism including preparatory
factors on selected historic sites with the help
of advanced monitoring techniques, including mon-
itoring of thermomechanical rock behavior and
methods reliable to predict the slope movement
behavior.

The studies carried out in project proved that
volume change of the rock is irreversible and brings
permanent thermal deformation to the rock or rock
mass. In order to better understand these processes
the project will focus our attention to the study of
thermo-mechanical behavior of rocks or rock mass
which form the subgrade of several historic sites in
Slovakia. The combination of in situ monitoring
techniques and laboratory tests will provide quanti-
tative data which will serve as input for modeling
of the slope failure mechanism and thus to create the
prediction models of slope failure development in
space and time and should serve as a practical
tool for the recommendation of effective remedial
measures.

Project no: C101-3

Project title: The geomorphological instability of
the Buddha niches and surrounding cliff in Bamiyan
valley (Central Afghanistan)

Leader: Claudio Margottini

Period: 2002/2008—

Status: In progress

Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)

Description: The project it is aimed at (i) investigating
major processes occurring on the niches and cliff,
natural and consequence of explosion, (ii) defining a
feasibility project for the complete restoration of the
cultural heritage site, (iii) defining some practical
emergency intervention, considered as part of the
general master plan, (iv) concluding the complete
restoration of the site.

The Bamiyan valley is located in central
Afghanistan, in a mountainous region, in a dry
part of the world, which experiences extremes of
climate and weather. The explosion of March
2001, apart the collapse of statues, produced a dete-
rioration of the stability conditions, mainly in the
shallower part of the niches.

In the small Buddha niche, apart the collapse of
statue, three minor rock falls occurred in the top
of it. In the mean time the blasting produced a
degradation of the upper-right part of the niche,
where a stair-cave is located inside the cliff and the
sect between the stairs and the niche is quite thin
(about 30-50 cm). This part is presently the most
critical for future stability. The left side, as conse-
quence of the existing buttress, did not suffered
substantially. Only in the upper part a rock fall
occurred and some instabilities are now evident.

In the great Buddha major effect were the collapse
of statue and the consequent instability of the back
side of the niche. A small rock fall occurred on the top
of the niche, left side. Probably, the large thickness of
sect between the stairs going up into the cliff and the
niche (about 1 m), did not allow a large propagation
of the effects of blasting and than a severe damage.

A feasibility project (master plan) for the entire
consolidation of the niches and cliff was prepared.
This include mainly control of water circulation on
the top of the cliff, nails, anchors and grouting,
exhibiting low environmental impact on the site.

Project no: C101-4

Project title: Stability assessment and prevention
measurement of Lishan Landslide, Xian, China
Valley

Leader: Qing Jin Yang

Period: 2002-2007

Status: Completed

Main Project field: (2) Targeted landslides: mechanism
and impacts (B. Landslide threatening heritage sites)
Description: Lishan’s landslide is located in Lishan
National Forest Park, in the south of Huaqing pool.
The landslide directly threatens Lishan National
Forest Park and Huaqing pool. It is important for
protecting Huaqing pool and Lishan, the venerable
cultural remains and the famous beauty spots to
monitor the landslide for a long time, knowing the
distortion of it, and the taking the corresponding
defence.
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The landslide has widely been monitored. The
main methods include: measured the inclined change
in vertical holes, measured the level change by GTS,
measured the ground stretch, and measured the 3D
form change in level bores. After analyzed the results
of measure, we found there were obvious distortions
in IT area of the landslide.

Project no: C101-5

Project title: Environment protection and disaster
mitigation of rock avalanches landslides and debris
flow in Tianchi Lake region and natural preserva-
tion area of Changbai Mountains, Northeast China
Leader: Binglan Cao

Period: 2002-2007

Status: Completed

Main Project field: (2) Targeted landslides: mechan-
ism and impacts (B. Landslide threatening heritage
sites)

Description: The objectives of the project are:

e To study the properties and formation conditions
of avalanche, landslide and debris flow.

e To analyze the activities and the formation
mechanism and activity regularity of avalanche,
landslide and debris flow.

e Stability analysis of some special slope, as well as
to predict the hazard of rock avalanche and
landslide.

e To study the types and distribution of debris
flow, as well as to evaluate the risk degree of
debris flow.

e To put forward the measurement and strategy of
the reserved area.

During the project various kinds of tests, includ-
ing normal regular tests and ring- shear tests, have
been conducted on weak volcanic rocks and have
been investigated types and formation conditions of
rock avalanches, landslides and to evaluate and to
simulate the key mount slope, meanwhile to analyze
the stability of slope by calculating debris flows.
Furthermore suggestions for disaster risk mitiga-
tion have been suggested.

Project no: C102

Project title: Assessment of global high-risk land-
slide disaster hotspots

Leader: Farrokh Nadim

Period: 2002-2004

Status: Completed

Main Project field: (1) Technological development
(B. Hazard mapping, Vulnerability and Risk
Assessment)

Description: The objective of this project is to
develop global hazard and risk maps for landslides
and avalanches in order to identify the most exposed
countries. Allocating resources for natural hazard
risk management has high priority in development
banks and international agencies working in devel-
oping countries. Based on the global datasets of
climate, lithology, earthquake activity, and topogra-
phy, areas with the highest hazard, or “hotspots”, were
identied. The applied model was based on classed
values of all input data. The model output is a landslide
and avalanche hazard index, which is globally scaled
into nine levels. The model results were calibrated
and validated in selected areas where good data on
slide events exist. The results from the landslide and
avalanche hazard model together with global popula-
tion data were then used as input for the risk assess-
ment. Regions with the highest risk can be found in
Colombia, Tajikistan, India, and Nepal where the
estimated number of people killed per year per 100
km2 was found to be greater than one. The model
made a reasonable prediction of the landslide hazard
in 240 of 249 countries. More and better input data
could improve the model further. Future work will
focus on selected areas to study the applicability of
the model on national and regional scales.

Project no: C103
Project title: Global Landslides Observation Strategy
Leader: Kaoru Takara and Nicola Casagli
Period: 2004/2008—
Status: In progress
Main Project field: (1) Technological development
(A. Monitoring and early warning)
Description: This project seeks better methodologies
for monitoring and forecasting landslides in many
hazardous areas in the world by using earth obser-
vation systems including satellite, airborne and
ground-based remote sensing techniques, and facil-
itate focused pilot studies by providing new in situ
instrumental and mapping support.

The project will:

(1) Advocate integration of InSAR technology
into landslide disaster warning and prediction sys-
tems. The ERS (European Remote Sensing) and
Envisat missions of the European Space Agency
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(ESA) have pioneered these applications and shall
be continued for global, long-term applications. As
part of this effort, facilitate efficient exploitation of
data from Japan’s upcoming Advanced Land
Observation Satellite (ALOS) with PALSAR, an
L-band SAR sensor (spatial resolution of 10 m).

(2) Utilize other high-resolution optical sensors
relevant to landslide monitoring and detection,
such as QUICKBIRD and IKONOS (I m),
ALOS’s PRISM (2.5 m) and AVNIR-2 (10 m),
and terra/ASTER (15 m). A passive-microwave
capability would help in determining soil moist-
ure repeatedly over broad areas.

(3) Facilitate the development and sharing of critical
airborne sensors and capabilities, such as hyper-
spectral sensors, high-resolution infrared sensors,
synthetic aperture radar (SAR) and LiDAR.

(4) Facilitate the development and sharing of
remote sensors using ground-based platforms
such as SAR, infrared cameras, laser scanners
and hyper-spectral sensors.

(5) Advocate systematic expansion of landslide
zonation maps, Geographic GIS and GPS as
critical tools for managing spatial information
for disaster management, including precision
topography, mapping support, and deformation
monitoring, as well as geolocation for search and
rescue operations.

(6) Facilitate ongoing capacity building activities,
with a focus on transferring technologies and
best practices: dissemination of real-time infor-
mation and early warnings to end users and the
public, in concert with efforts by UNESCO and
WMO to expand and improve sediment- and
flood-related initiatives.

Project no: C104

Project title: World landslide database

Leader: Hiroshi Fukuoka and Nicola Casagli
Period: 2006/2008—

Status: In progress

Main Project field: (3) Capacity Building (B. Collating
and Disseminating Information/Knowledge)
Description: The objectives are: (i) to create a global
landslide database of major events considering only
those which have caused fatalities; (ii) to register
them in a standard data-format on-line; (iii) to
represent them on a global map service on the web.

To date a global landslide database does not exist.
In the 90’s two major projects were carried out: the
World Area Slope Stability Server (WASSS) and
the World Landslide Inventory (WLI) but in both
cases they failed to obtain a complete worldwide
coverage. Several national databases exist which,
in most cases, are very accurate but often they are
not homogenous at a national level and their criteria
are not comparable across nations. Today, new
technologies on on-line information management,
satellite imagery, geolocalization and mapping
services could allow us to organize a trans-national
database with the continuous inbuilt updating
system.

The world landslide database will be carried
through the preparation of a standard and simple
data collection and the selection of relevant informa-
tion sources. Furthermore a continuous and automatic
collection of information using web-syndication sys-
tems will be set up together with a web distributed
database. An appropriate mapping service platform
will be selected and implemented.

Project no: C105

Project title: Early Warning of Landslides

Leader: Kyoji Sassa

Period: 2007-

Status: In progress

Main Project field: (1) Technology Development
B. Monitoring and Early Warning

Description: The objectives is to develop early
warning system which are suitable for Asian coun-
tries and to implement capacity building through
international cooperation within participating
institutions.

The project will develop a feasible and effective
monitoring system suitable for landslides in Asian
countries. Using satellite data and landslide sus-
ceptibility map will be made and time prediction
of landslide initiation will be developed based on
rainfall data, meteorological forecast, and landslide
monitoring using extensometers and others.

Spatial prediction based on ring shear test and
computer simulation will be carried out, and the
methodology will be improved.

Furthermore disaster risk mitigation policy and
governmental administration will be examined
including the population shifts and vulnerability
change due to urban development.
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Project no: C106-1

Project title: Landslide museum
Bagnoregio

Leader: Claudio Margottini
Period: 2006/2008—

Status: In progress

Main Project field: (3) Capacity Building B. Collating
and Disseminating Information/Knowledge
Description: The objectives is to increase awareness
in the field of landslides, through the spectacular-
isation of recent and historic mass movements, as
well as to show methodologies and tools for mana-
ging landslides hazards.

Civita di Bagnoregio lies in a hilly area sur-
rounded by steep valleys intensively eroded by two
torrents presenting an E-W direction. Due to the
particular geological and geomorphological features,
large and frequent slope instability phenomena
occur: in the clayey formation landslides are repre-
sented by mudflows, debris-flows and rotational
slides, while in the upper portion of the volcanic
cliff, due to a retrogressive mechanism of erosion,
rock-falls, toppling and block-slides are the common
landslide typologies.

In the last decade many landslides have affected
the northern border of the cliff of Civita largely
increasing the risk conditions of that area of the
town. ENEA and other partners, starting from two
decades of monitoring results, have presented an
innovative project of consolidation that takes into
account properly the geological dynamics acting on
the town as well as the particular historical and
environmental context of the area.

The present museum will be an exhibition for
landslide phenomena but also the main portal to
the real museum that is outside, on the cliff and
valleys. The visitors will find in the museum many
scenic spot that are presented from a “Landslide”
point of view but, in the mean time, they will be
encouraged to visit the real site and to touch by
hand the reality.

Project no: C106-2

Project title: International Summer School on Rock-
slides and Related Phenomena in the Kokomeren
River Valley, Tien Shan, Kyrgyzstan

Leader: Alexander Strom

Period: 2008-2010

Status: In progress

in Civita di

Main Project fields: (3) Capacity Building B. Collat-
ing and Disseminating Information/Knowledge
Description: The aim of the International Field Sum-
mer School is to demonstrate to students and young
landslide researchers various types of bedrock land-
slides and basic methods of their identification and
study directly at the rockslide sites. Analysis of the
relationships between rockslides, active tectonics
manifestations, evidences of river valley inundation
and outburst flooding will promote better under-
standing of bedrock slopes failure causes and of
rockslide hazard assessment.

Numerous rockslides and rock avalanches of
various types ranging from few millions to more
than 1 billion cubic meters in volume are concen-
trated in the Kokomeren River valley (Central Tien
Shan) within a limited area of about 40 x 40 km ata
one-day trip distance from Bishkek city — capital of
Kyrgyzstan. Most of them are located near a road
along the Kokomeren River connecting villages
in the Suusamyr and Djumgal depressions. Sites in
tributary valleys without motorways require only a
few hours of hiking to reach them.

Besides rockslides and landslides, the study area
is extremely rich in the expressive manifestations of
Neotectonics and Quaternary tectonics such as
active faults, one of which had been ruptured by
1992 M7.3 Suusamyr earthquake, and numerous
examples of tilted and folded pre-Neogene plana-
tion surface.

The annual ICL International Summer School
has been organized since 2006. It was attended by
participants from Czech Republic, Italy, USA and
Kyrgyzstan. In 2008 it is planned to organize similar
ICL training course focused basically on the geolo-
gical and geomorphic features typical of large rock-
slides in rugged terrain. It will be supplemented with
the training course organized within the frames of
the EU Specific Support Action “International
Working Group on Natural Hazards in the Tien
Shan” (NATASHA) that will be focused more on
the geophysical and geotechnical methods of rock-
slide field studies.

Member projects

Project no: M101

Project title: Areal Prediction of Earthquake and
Rain Induced Rapid and Long-Traveling Flow
Phenomena (APERITIF)
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Leader: Hiroshi Fukuoka

Period: 2002/2008—

Status: In progress

Main Project fields: (1) Technology Development

B. Hazard Mapping, Vulnerability and Risk

Assessment

Description: The objective is to develop a practical

method for site prediction and movement assessment

of rapid and long run-out landslides. Among various

landslide types, the rapid, and long run-out land-

slides, especially those that occur in urbanizing areas

often cause catastrophic damage to the community.
APERITIF project consists of following 3 sub-

projects.

1. Mechanism of rapid long-runout landslides trig-
gered by earthquakes and heavy rainfall:

This sub-project uses the new ring shear appara-
tus with a special sample box visible from outside for
research on the mechanisms of generation of sliding-
surface liquefaction, funded and developed by the
2001-2003 APERIF project. Undrained torque-
controlled/speed-controlled ring shear tests,
triaxial tests, and flume tests will be conducted
for the study of fluidization mechanism. Portable
ring shear apparatus and vane-type apparatus
for in-situ measurement of grain-crushing sus-
ceptibility will be developed and a new index for
sliding-surface liquefaction will be proposed.

2. Research on process and areal prediction of
flowslides:

This sub-project uses a large flume for real-
scale flowslides in a large-scale rainfall simulator,
and middle size flume in Tsukuba to conduct
tests on heavy rainfall induced flowslides. The
study will focus on processes and mechanisms
of landslide mass fluidization. Development of
a new and sophisticated flowslide movement
simulation program is being developed for the
purpose of practical areal prediction of landslide
runout. Ball and rectangle element DEM simula-
tion approach for fluidization mechanism 1is
conducted.

3. Integrated study for prediction of landslide
hazards in urbanized areas:

Applying new techniques developed by the pre-
viously noted two sub-projects, with all research-
ers cooperating on establishing the methodology
for producing practical landslide hazard maps for

the three sites in the urbanized residential areas of
urbanizing area of big cities.

Project no: M 103

Project title: Capacity building on the management
of risks caused by landslides in Central America
countries.

Leader: Farrokh Nadim

Period: 2002-2007

Status: Completed

Main Project fields: (3) Capacity building A. Enhan-
cing Human and Institutional Capacities
Description: The objectives of the project are (i) to
improve the knowledge and skills of professionals
from a selection of relevant organizations in the
region who are dealing with landslide hazards,
(ii) to create a forum and network where represen-
tatives from the Central America countries can
exchange experience, derive common methodolo-
gies and assist each other on practical issues when
needed, and (iii) to create mechanisms that secure
dissemination of knowledge and methodologies
generated in the capacity building program to a
larger audience.

One week training program with 18 participating
middle managers from Costa Rica, Panama, Nicar-
agua, Honduras, El Salvador and Guatemala was
executed in April 2005 at University of Costa Rica
with NGI/ICG as facilitator. The training program
included 24 technical presentations, 3 sessions with
group discussions and one day with field work study-
ing possible landslide mitigation measures and use of
early warning system for a debris flow threatened
community outside the capital city.

Project no: M 106

Project title: A best practices handbook for land-
slide hazard mitigation

Leader: Lynn Highland and Peter Bobrowsky
Period: 2002-2007

Status: Completed

Main Project fields: (3) Capacity Building B. Collat-
ing and Disseminating Information/Knowledge
Description: This handbook will be distributed
worldwide, and will be published in English, French,
Spanish, Chinese, and other languages as needed, and
as funds become available. It is a small, “pocket-
book” size, with a spiral binding for durability, and
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can be easily understood in simplified language with
many graphics, illustrations, and photos.

Project no: M 110

Project title: Capacity Building in Landslide Hazard
Management and Control for Mountainous Devel-
oping Countries in Asia

Leader: Hideaki Marui

Period: 2002-2007

Status: Completed

Main Project fields: (3) Capacity building A. Enhan-
cing Human and Institutional Capacities
Description: The objective is to improve the knowl-
edge and skills of professionals and officials of the
academic institutions as well as implementing orga-
nizations in South and Central Asian Countries in
Landslide Hazard Management and Control
through the enhancement of capacities of those insti-
tutions/individuals by the organization of training
courses and seminars on the proposed field.

The Project M110 has played a certain role
according to the direction of the capacity building
activity proposed in the Tokyo Action Plan in 2006.
Annual meetings in the framework of the M110
project were organized every year since 2003 in
Niigata and Kathmandu. Major agenda discussed
throughout the annual meetings are as follows:

e Present education on Landslide hazard manage-
ment and control in Southern and Central Asian
Countries

o Existing data base of landslides in those countries

o Primary areas to be focused for the training
courses and seminars in those countries

e Responsible institutions for the landslide man-
agement and control in those countries

e Possible cooperation from various national and
international organizations

Through the discussions necessary contents and
curriculum for training courses are clarified.
Although practical training courses were not rea-
lized until now because of financial problem, basic
framework for implementation of training courses
is formed.

Project no: M111

Project title: Detail study of the internal structure
of large rockslide dams in the Tien Shan and the
International field mission “Internal structure of the
dissected rockslide dams in Kyrgyzstan”

Leader: Alexander Strom

Period: 2002-2006

Status: Completed

Main Project fields: (2) Targeted Landslides:
Mechanisms and Impacts B. Catastrophic landslides
Description: The objective of the project was to
focus on comprehensive study of rockslides that
had been completely dissected by subsequent ero-
sion. They are considered as analogues of existing
rockslide dams. Such investigations allow studying
internal structure and geotechnical parameters of
rockslide deposits in such detail that is practically
inaccessible at most of the present-day (and future)
natural dams. Thus, results for these investigations
can be used for natural dams hazard assessment
and for blast-fill dams design. Another goal of the
Project was to acquaint International community
of landslide researchers with very interesting case
studies from the Tien Shan Region.

An important part of the Project was to collect
reliable data on grain-size composition of rockslide
debris, especially from those parts of rockslide bodies
that were strongly comminuted. To be able to deal
with debris containing fragments up to first deci-
metres in size we collected several large samples from
40 to more than 100 kg. Large verity of rockslides and
rock avalanches that are located in the Kokomeren
River valley, which was the key region for this Project
makes it an excellent place for students’ training in
various methods of rockslide identification, mapping,
dating and detail study.

Project no: M122

Project title: Inka Cultural Heritage And Landslides:
Detailed Studies In Cusco And Sacred Valleys, Peru
Leader: Raul Carreno

Period: 2004-2007

Status: Completed

Main Project fields: (2) Targeted Landslides:
Mechanisms and Impacts B. Landslides Threatening
Heritage Sites

Description: The objectives of the project are:

e To contribute to the preservation and rational
exploitation of the Inka cultural heritage.

e To identify and to evaluate the instability phe-
nomena threatening or destroying inka cultural
heritage.

e To propose monitoring programs and appropriate
remediation projects for the critical cases.
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The project point to identify, understand and
evaluate the instability processes that are menacing
the cultural heritage. Neither geological nor geody-
namic detailed studies of the archaeological heritage
exist. The conservation-restoration programs car-
ried-out by the entities in charge of this task don’t
consider the geological risks, so they become very
relative to protect this heritage. Excluding Machu-
picchu, the IPL M-122 is the first systematic project
in this field carried out in Cusco region.

The results of the project must be useful to
improve the conservation activities and to plan a

sustainable exploitation of this cultural-tourist
resource, the main (almost the only) development
possibility for the Cusco region.

The project includes detailed geological and
geomorphologic studies, the active and potential
instability phenomena characterization and eva-
luation, the evaluation of conjugated dangers,
and the geotechnical analysis of the critical
cases. Starting from this information different
monitoring systems and remediation programs
have been proposed for each case.

Annex 2.1 Status of IPL Prol'ects

C100 Landslides: Journal of the International Kyoji Sassa 2002/2008— In progress
Consortium on Landslides

C101 Landslide risk evaluation and mitigation Kyoji Sassa and 2002/2008— In progress
in cultural and natural heritage sites Paolo Canuti

C101-1 Landslide investigation and capacity Kyoji Sassa 2002/2008— In progress
buildng in Machu Pichu- Aguas
Calientes area

C101-1-1 Low environmental impact technologies Claudio Margottini 2002-2006 Completed
for slope monitoring by radar
interferometry: application to Machu
Picchu site

C101-1-2 Expressions of risky geomorphologic Vit Vilimek, Jiri 2002-2007 Completed
processes as well as paleogeographical Zvelebil
evolution of the area of Machu Picchul

C101-1-3 Shallow geophysics and terrain stability Romulo Mucho, 2004-2006 Completed
mapping techniques applied to the Peter
Urubamba Valley, Peru: Landslide Bobrowsky
hazard evaluation

C101-1-4 A proposal for an integrated geophysical Daniel Nieto 2004-2006 Completed
study of the Cuzco region Yabar

CI101-1-5 UNESCO-Italian-ESA Satellite Paolo Canuti, 2004-2006 Completed
monitoring of Machu Picchu Claudio

Margottini,
Fabio Rocca

C101-2 Landslides monitoring and slope stability Jan Vicko 2002/2008— In progress
at selected historic sites in Slovakia

C101-3 The geomorphological instability of the Claudio Margottini 2002/2008— In progress
Buddha niches and surrounding cliff in|
Bamiyan valley (Central Afghanistan)

Cl101-4 Stability assessment and prevention Qing Jin Yang 2002-2007 Completed
measurement of Lishan Landslide,
Xian, China

C101-5 Environment protection and disaster Binglan Cao 2002-2007 Completed
mitigation of rock avalanches
landslides and debris flow in Tianchi
Lake region and natural preservation
area of Changbai Mountains,
Northeast China
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Annex 2.1 (continued)

Management and Control for
Mountainous Developing Countries in|
Asia

C101-6 Conservation of Masouleh Town S. H. Tabatabaei 2002-2007 Completed
C101-7 Cultural and natural heritage threatened Nicolae Botu 2005-2007 Completed
by landslides in the region of Iassy,
Romania
C102 Assessment of global high-risk landslide Farrokh Nadim 2002-2004 Completed
disaster hotspots
C103 Global landslide observation strategy Kaoru Takara, 2004/2008— In progress
Nicola Casagli
C104 World Landslide Database Hiroshi Fukuoka, 2006/2008— In progress
Nicola Casagli
C105 Early Warning of Landslides Kyoji Sassa 2007— In progress
C106 Capacity building and outreach Claudio 2008— In progress
Margottini,
Alexander
Strom
C106-1 Landslide museum in Civita di Bagnoregio Claudio Margottini  2006/2008— In progress
C106-2 International Summer School on Alexander Strom 2008-2010 In progress
Rockslides and Related Phenomena in|
the Kokomeren River Valley, Tien
Shan, Kyrgyzstan
M101 Areal prediction of earthquake and rain Hiroshi Fukuoka 2002/2008— In progress
induced rapid and long-travelling flow|
phenomena (APERITIF)
M102 Disaster evaluation and mitigation of the Tatsunori 2002-2004 Completed
giant Jinnosuke-dani Landslide in the Matsumoto
Tedori water reservoir area, Japan
M103 Capacity building on management of risks Farrokh Nadim 2002-2007 Completed
caused by landslides in Central
American countries
M104 A global literature study on the use of Haakon Heyerdal 2002-2004 Completed
critical rainfall intensity for warning
against landslide disasters
M105 Hurricane-flood-landslide continuum: a Randall Updike 2002-2006 Completed
forecast system
M106 A best practices handbook for landslide Lynn Highland, 2002-2007 Completed
hazard mitigation Peter
Bobrowsky
M107 Landslide risk assessment in landslide Rudolf Hozer 2002-2006 Completed
prone regions of Slovakia — modelling
of climatic changes impact
M108 Disaster evaluation and mitigation of Renjie Ding 2002-2005 Completed
landslides in the Three-Gorge water
reservoir area, China
M109 Recognition, mitigation and control of Rafi Ahmad 2002-2006 Completed
landslides of flow type in Greater
Kingston and adjoining parishes in
Eastern Jamaica, including public
education on landslide hazard
M110 Capacity Building in Landslide Hazard Hideaki Marui 2002-2007 Completed
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20022006 | Completed

Annex 2.1 (continued)

Ml11 Detail study of the internal structure of Alexander Strom
large rockslide dams in the Tien Shan
and international field mission

Ml112 Landslide mapping and risk mitigation Saowanee 2002/2008— In progress
planning in Thailand Prachansri
M113 Zone risk map: Towards harmonized, Yasser Elshayeb 2002-2005 Completed

intercomparable landslide risk
assessment and risk maps

Ml114 Landslide hazard assessment along Zieaoddin Shoaei 2002-2007 Completed
Tehran-Caspian seaside corridors
MI115 Establishment of a regional network for Ryuichi Yatabe 2003-2007 Completed

disaster mitigation, disaster education,|
and disaster database system in Asia

Ml116 Standardization of terminology, Catherine Hickson 2003-2006 Completed
integration of information and the
development of decision support
software in the area of landslide

hazards

M117 Geomorphic Hazards from landslide Oliver Korup 2003-2006 Completed
dams

MI118 Development of an expert DSS for Giuseppe 2003-2007 Completed
assessing landscape impact mitigation Delmonaco
works for cultural heritage at risk

M119 Slope instability phenomena in Korinthos Nikos Nikolaou 2002-2005 Completed
county

M120 Landslide hazard zonation in Garwal Ashok Kumar 2003-2004 Completed
using GIS and geological attributes Pachauri

M121 Integrated system of a new generation for Jiri Zvelebil, Vit 2003-2007 Completed
monitoring of dynamics of unstable Vilimek
rock slopes and rock fall early warning

M122 Inka cultural heritage and landslides: Raul Carreno 2004-2007 Completed

detailed studies in Cusco and Sacred
Valleys, Peru

M123 Cusco regional landslide hazard mapping Raul Carreno 2004-2007 Completed
and preliminary assessment
M124 The influence of clay mineralogy and Viktor Osipov 2004-2007 Completed

ground water chemistry on the
mechanism of landslides

M125 Landslide mechanisms on volcanic soils Carlos Edusrdo 2004-2007 Completed
Rodriguez

M126 Compliation of landslide / rockslide Alexander Strom 2004-2007 Completed
inventory of the Tien Shan mountain
system

M127 Development of low-cost detector of slope Ikuo Towhata 2004-2007 Completed
instability for individual use

M128 Development of sounding methodology Kazuo Konagai 2004-2007 Completed
for a root-reinforced landslide mass

M129 Evaluation of natural hazards associated Vit Vilimek 2005-2007 Completed

with rapid glacial retreat in Cordillera
Blanca (Peru)

M131 Technology development for landslide Yueping Yin and 2006-2007 Completed
monitoring in China Peter Bobrowskyj
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Annex 2.1 (continued)

M132 Research on vegetation protection system Wei Shan, Fawu 2006/2008— In progress
for highway soil slope in seasonal Wang
frozen regions

M133 Establishment of rainfall-soil chart for Roslan Abidin 2006-2007 Completed
erosion induced landslide prediction

M134 Large-scale rockslides in coarse-bedded Alexander Strom 2007— In progress
carbonate rocks in the Apennines
(Italy), Caucasus (Russia) and Zagros
(Iran): evaluation of possible triggers
and hazard assessment

M135 Landslide hazard assessment in Ryuichi Yatabe 2008— In progress
Changunarayan hill of Kathmandu,
Nepal - Geotechnical investigation and
preventive plan-

M136 Shear behaviour and mechanics of Kazuo Konagai, 2008— In progress
Megaslides and their nearby faults in Kyoji Sassa
Hittian Balla, Pakistan and Shaolin,
Taiwan

M137 Italian Landslide Inventory (IFFI Project) Alessandro Triglia 2008— In progress

M138 Long run out and Catastrophic Landslides Yin Yueping 2008- In progress
study: Yigong Landslide, Tibet China.

M139 Development of low-cost early warning Ikuo Towhata, 2008— In progress
system of slope instability for civilian Taro Uchimura
use

M140 Landslide and multi geohazards mapping Dwikorita 2008— In progress
for community empowerment in Karnawati
Indonesia

M141 Geo-Risks Management for Third World Jiti Zvelebil 2008— In progress
Countries - Mapping and Assessment
of Risky Geo-factors for Land Use
(e.g. in Ethiopia)

Note: All projects as IPL by ICL were completed in 2007. New projects by IPL Global Promotion Committee started either in

2007 or in 2008. Some projects restarted under the same or a slightly revised title in the same project number.
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Landslide Risk Assessment and Mitigation 3
Strategy

Suzanne Lacasse and Farrokh Nadim

Abstract Each year, natural disasters cause countless deaths and formidable damage
to infrastructure and the environment. In 2004—2005, more than 200 000 people lost
their lives in natural disasters. Material damage was estimated at USD 300 billion.
Many lives could have been saved if more had been known about forecasting and
mitigation. The need to improve the ability to deal with the hazards and risks was
accentuated by increased sliding and flooding in many regions around the world in
recent years, concern for their disastrous consequences on mankind, infrastructure
and material property and the catastrophic Indian Ocean tsunami in December 2004.

One of the most common natural disasters is landslides caused by heavy precipita-
tion, floods, earthquakes and erosion, and by anthropogenic actions. Many of the
casualties reported after rainstorms, large floods and earthquakes are actually caused
by the landslides triggered by these events. Studies show that developing countries are
greatly affected by landslides. Of the total number of persons who died due to natural
disasters, highly developed countries count only 5% of the casualties. Material damage
in Industrialized countries is however greatest. International collaboration is needed to
reduce losses in countries where the landslide risk is high. The measures for effective
mitigation require solutions encompassing the technological and the societal perspec-
tives, which demonstrate the importance and challenge of a multi-disciplinary
approach, where scientists and engineers need to interact and communicate freely
with partners with entirely different backgrounds. The paper presents recent work on
the assessment, mitigation and management of landslide risk, including several exam-
ples. Societal aspects risk, are considered. Early warning systems have gained strong
interest in recent years. The paper goes into the principles and elements of early
warning systems, the key factors for success and some of the available technology.
Society and technologists need to invest into the mitigation of landslide hazard and risk
to improve the reliability and efficiency of the results obtained.

Keywords Hazard « Vulnerability  Risk « Landslide
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accounted for about 100,000 deaths worldwide, of
which 84% were due to October’s South Asia earth-
quake. In that year, natural disasters affected 161
million people and cost around US$ 160 billion —
over double the decade’s annual average. Hurricane
Katrina accounted for three quarters of this cost.
During the period 1996 to 2005, natural disasters
caused nearly one million lives lost, or double the
figure for the previous decade, affecting 2.5 billion
people across the globe (World Disaster Report
2006). When the trend of fatalities due to natural
hazards is studied over the last 100 years, it appears
that the increase in the known number of deaths is
due to the increase in the exposed population in this
time scale and the increased dissemination of the
information, and not to an increase in the frequency
and/or severity of natural hazards.

3.2 Threat Due to Landslides

Landslides represent a major threat to human life,
property and constructed facilities, infrastructure
and natural environment in most mountainous
and hilly regions of the world (Nadim et al. 2000).
Statistics from The Centre for Research on the
Epidemiology of Disasters (CRED) show that land-
slides are responsible for at least 17% of all fatalities
from natural hazards worldwide. The socio-economic
impact of landslides is underestimated because
landslides are usually not separated from other
natural hazard triggers, such as extreme precipita-
tion, earthquakes or floods. This underestimation
contributes to reducing the awareness and concern
of both authorities and general public about land-
slide risk.

Summary of Landslides (1903-2004) - Number of fatalities
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In the last century, Europe has experienced the
second highest number of fatalities and the highest
economic losses caused by landslides compared to
other continents (Fig. 3.1): 16,000 people have lost
their lives because of landslides and the material
losses amounted to over USD 1700 M in Europe
during the 20th century. Within Europe, Italy has
been the country that has suffered the greatest
human and economic losses due to landslides. The
actual casualty figures in Fig. 3.1 are likely to be
greatly underestimated in the EM-DAT because
events with less than 10 persons killed are not
reported. Furthermore, the number of people
affected by landslides is much larger than reported:
in Italy, while about 500 people have been killed by
landslides over the past 25 years, the total number
of persons impacted is 50 times that number.

As a consequence of climate change and increase
in exposure in many parts of the world, the risk
associated with landslides is growing. In areas with
high demographic density, protection works often
cannot be built because of economic or environ-
mental constraints, and is it not always possible to
evacuate people because of societal reasons. One
needs to forecast the occurrence of landslide and
the hazard and risk associated with them. Climate
change, increased susceptibility of surface soil to
instability, anthropogenic activities, growing urba-
nisation, uncontrolled land-use and increased vul-
nerability of population and infrastructure as a
result, contribute to the growing landslide risk.
According to the European Union Strategy for
Soil Protection (COM232/2006), landslides are one
of the main eight threats to European soils.

Water has a major role in triggering of landslides.
Fig. 3.2 shows the relative contribution of various

Summary of Landslides(1903-2004) - Cost of Damage
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Fig. 3.1 Fatalities and cost of damage caused by landslides 1903 to 2004 (EM-DAT, OFDA/CRED International Disaster

database)
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Landslide Triggering Events
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Fig. 3.2 Landslide triggers in Italy (CNR-GNDCI AVI
Database of areas affected by landslides and floods in Italy)

landslide triggering events factor in Italy. Heavy
rainfall is the main trigger for mudflows, the dead-
liest and most destructive of all landslides.

Many coastal regions have cliffs that are suscep-
tible to failure from sea erosion (by undercutting at
the toe) and their geometry (slope angle), resulting
in loss of agricultural land and property. This can
have a devastating effect on small communities. For
instance, parts of the north-east coast cliffs of Eng-
land are eroding at rates of 1 m/yr.

As a consequence of climatic changes and poten-
tial global warming, an increase of landslide activity
is expected in the future, due to increased rainfalls,
changes of hydrological cycles, more extreme
weather, concentrated rain within shorter periods
of time, meteorological events followed by sea
storms causing coastal erosion and melting of
snow and of frozen soils in the Alpine regions.

The growing hazard and risk, the need to protect
people and property, the expected climate change
and the reality for society to live with hazard and
risk and the need to manage risk to set the agenda
for the profession to assessing and mitigating land-
slide risk.

3.3 Examples of Slide Hazard

The main natural hazards in Norway are landslides,
snow avalanches, floods and, to a lesser extent,
earthquakes (Solheim et al. 2005a). Statistically, 10
large slides can be expected in the next 50—100 years,
each with possibly 20-100 associated deaths. The
number of lives lost due to all types of slides over the
past 150 years exceeds 2000 in Norway.

3.3.1 Rock Slides

As the last glaciers receded, about 11,000 years ago,
large portions of east and mid-Norway were left
covered with clay deposits, while in other areas
(western and northern Norway) high mountains
rose and deep valleys were eroded. Many of the
mountain sides and leached clay deposits were
unstable, and, based on the landslide scars and
moraine residues observed today, a large number
of slides took place. The sliding activity also took
place offshore in the North Sea and Norwegian Sea.
Today, the profession knows that a number of large
rock slides and clay slides occurred between 5,000
and 10,000 years ago. The sliding activity in
Norway has continued since the last ice period,
but less frequently than immediately after the
retreat of the glaciers (Lied 2008). The sliding activ-
ity is expected to continue in the future.

Rockfalls and rockslides are among the most
critical geohazards in Norway, mainly because of
their tsunamigenic potential. The largest known
rock slide in Norway is Tjelleskredet in Langfjorden
in Romsdal in 1756. The 15 million m? slide trig-
gered a tsunami with a height up to 50 m, causing 32
fatalities (Jorstad 1956).

The natural disasters causing the largest number
of deaths in Norway in the 20th century involved
large rock slides into fjords (narrow bodies of water)
having generated a tsunami: Loen in 1905
(350,000 m’, 40 m tsunami, 61 fatalities), 1936
(1,000,000 m>, 74 m tsunami, 73 fatalities) and
Tafjord in 1934 shown in Fig. 3.3 (1,500,000 m?>,
62 m tsunami, 41 fatalities) (Helland 1905; 1911;
Helland and Steen 1895; Holmsen 1936; Grimstad
2005). In Loen, a rockslide of 1,000,000m’ also
occurred in 1950, but caused no fatalities.

3.3.2 Quick Clay Landslides

About 5000 km? of Norway is covered by soft mar-
ine clay deposits. Nearly 20% of this area consists of
highly sensitive or quick clay. Landslides in quick
clay represent a common and important threat,
especially in Norway and Sweden (and parts of
Canada). Landslides in quick clay are frequently
triggered without warning and turn into a flowing
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Fig.3.4 Quick clay slides in Norway: the Rissa slide, 1978 (leff) and the Trogstad slide, 1967 -1 million m?, 4 fatalities- (right)

liquid in a matter of minutes, and they can progres-
sively involve very large volumes of soil. Statisti-
cally, at intervals of about 4 years, large quick clay
slides with moving clay masses of several million
cubic metres occur in Norway (Aas 1979,
1981).The largest quick clay slide in Norway in the
20th century occurred at Rissa near Trondheim in
1978 (Fig. 3.3, left, Gregersen 1981), covering an
area of 330,000 m*. Near 6 million m® of clay moved
out at high velocity. The largest historical quick clay
slide in Norway occurred on 20 May 1893 in Verdal,
north of Trondheim, where 55 million m* of clay ran
out, and 116 fatalities were recorded. This is the
largest known natural catastrophe in Norway in
historical times.

A typical quick clay slide consists of a minor
initial slide followed by a progressive failure process
developing very rapidly in all directions from the

first slide. The Rissa quick clay slide started with the
failure of a small fill by a lakeside. The initial slide
involved only 200m?® of sediments. It grew to 6
million m? in a few hours through retrogressive
sliding.

3.3.3 Underwater Slides

The exploitation of offshore petroleum resources,
development of oil and gas pipeline corridors, fish-
ing habitat protection, and protection of coastal
communities, have contributed to a growing inter-
est in Norway for underwater slides, in particular
seafloor mass movements and their consequences.
The development of the Ormen Lange field, which is
the second largest gas field on the Norwegian
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Fig. 3.5 Map of Storegga slide (/eft) and deepest part of Storegga slide scar, with outline of Ormen Lange gas field in blue

(right)

Continental Shelf, contributed greatly to the under-
standing of underwater slides. The field is in the
Norwegian Sea in water depths 800-1,100 m,
approximately 120 km from the coastline, and
within the scar of the prehistoric Storegga slide
(Fig. 3.5). The Storegga slide, which took place
8,200 years ago, is one of the world’s largest
known submarine slides with an estimated slide
volume in excess of 3,000 km® and run-out of
300 km (e.g. Solheim et al. 2005a,b). Evidence of a
major tsunami generated by the Storegga slide has
been found along the coasts of Norway, Scotland
and the Faeroe Islands. Considering the enormity of
the Storegga slide and the potentially catastrophic
consequences of a similar event today, it was essen-
tial to clarify and quantify the risks associated with
submarine slides in the area to obtain approval for
field development from the authorities (Nadim et al.
2005; Bryn et al. 2005). The numerous studies car-
ried out in the Ormen Lange offshore geohazards
study were summarised in a special volume of Mar-
ine and Petroleum Geology journal in 2005.

3.3.4 Hazard Zonation

Many countries have experienced increased vul-
nerability to landslides and increased awareness
of the need for mapping, due to industrial and
recreational development over the entire country,
infrastructure development, the consequences of
interruption in the communication arteries and

increase in population. A few major disasters in
the past 30 years also helped “convince” the autho-
rities to take preventive measures.

To increase safety and reduce hazard and risk,
and to assist with emergency preparedness, a prior-
ity mapping is needed for landslides in clays, rock
slides and snow avalanches. Susceptibility mapping
has been done continuously in Norway since the late
1970s. The hazard and risk maps are especially
useful for prevention and the planning of new dwell-
ings, schools, recreation areas, etc. The entire net-
work of communication corridors and military and
humanitarian (Red Cross) exercises have need for
such maps (Karlsrud et al. 1984; Gregersen 1989).

3.4 Hazard and Risk Management

Risk management integrates the recognition and
assessment of risk with the development of appro-
priate strategies for its mitigation. Landslide risk
management typically (but not solely) involves deci-
sions at the local level, and a lack of information
about landslide risk and how this risk is changing
on account of climate, land-use and other factors,
appears to be a major constraint to providing
improved mitigation in many areas. Beyond risk
communication and awareness, pro-active mitiga-
tion and prevention options can broadly be cate-
gorised as (1) structural slope-stabilization measures
to reduce the frequency and severity of the hazard,
(2) non-structural measures, such as land-use
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planning and early warning systems, to reduce the
hazard consequences, and measures to pool and
transfer the risks. The selection of appropriate miti-
gation strategies should be based on a future-
oriented quantitative probabilistic risk assessment,
coupled with useful knowledge on the technical fea-
sibility, as well as costs and benefits, of risk-reduction
measures.

Figure 3.6 illustrates in a “bow-tie” diagram the
components of hazard and risk mitigation. Risk is
the measure of the probability and severity of an
adverse event to life, health, property or the environ-
ment. Quantitatively, risk is the probability of an
adverse event times the consequences if the event
occurs, where the consequences are obtained from
the elements at risk and their vulnerability. Mitiga-
tion of risk can be done by reducing the frequency
(probability) of the adverse event or by reducing the
vulnerability and/or exposure of the elements at risk,
or even reducing both hazard and consequence.

Experts acting alone cannot choose the “appro-
priate” set of mitigation and prevention measures in
many risk contexts. The complexities and technical
details of managing landslide risk can easily conceal
that any strategy is embedded in a social/political
system and entails value judgments about who
bears the risks and benefits, and who decides. Pol-
icy-makers and affected parties engaged in solving
risk problems are increasingly recognizing that tradi-
tional expert-based decision-making processes are
insufficient, especially in controversial risk contexts.
Often shaped by scientific analysis and judgment
(e.g. acceptable risk), traditional policy approaches
are vulnerable to two major critiques: (1) because
they de-emphasise the consideration of affected
interests in favour of “objective” analyses, they suffer
from a lack of popular acceptance; (2) because they
rely on systematic observation, they often slight the
local and anecdotal knowledge of the people most
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Fig. 3.6 Illustration of hazard and risk

familiar with the problem, and risk producing out-
comes that are incomplete. Conflicting values and
interests, as well as conflicting and uncertain expert
evidence, characterise many landslide risk decision
processes. These characteristics become more com-
plex with long time horizons and uncertain informa-
tion on climate and other global changes.

Risk communication and stakeholder involve-
ment has been widely acknowledged for supporting
decisions on uncertain and controversial environ-
mental risks, with the added bonus that participation
enables the addition of local and anecdotal knowl-
edge of the people most familiar with the problem.
Precisely which citizens, authorities, NGOs, industry
groups, etc., should be involved in which way, how-
ever, has been the subject of much experimentation
and theorising. The decision is ultimately made by
political representatives, but stakeholder involve-
ment, combined with good risk-communication stra-
tegies, can often bring new options to light and
delineate the terrain for agreement.

3.4.1 Example - Hazard Assessment

The Building and Planning Act in Norway has been
under development since 1924 and the act was put
into force for the whole country in 1966. The last
revision was done in 1987. The Building Act is used
when a detailed hazard plan is made with corre-
sponding detailed maps. The on-going hazard map-
ping on survey maps at 1:50,000 scale has been
operative since 1979. The building council of the
counties has to follow the rules stated in the Act.
The assessment of hazard for natural events is sub-
ject to the Norwegian Planning and Building Law.
According to the technical regulations in the law,
three classes of avalanche and slide frequencies
should be taken into account (Table 3.1). There is
also a fourth class, where the consequences are so
important that the buildings can not be placed in a
“hazard zone”. How one determines a “no-hazard”
zone is however not defined. The building regula-
tion states that rebuilding after fires or other kinds
of reparation may be done for Class 2, when the
nominal yearly frequency is less than 3 x 10-3,1.e. a
return period of 333 years or more. By using the
word “nominal” as opposed to “real”, one admits



3 Landslide Risk Assessment and Mitigation Strategy

37

Table 3.1 Safety class in technical regulations in the norwegian planning and building law

Safety Maximum nominal frequency Return period Type of construction

class (per yr) (yrs)

1 1072 100 Garages, smaller storage rooms of one floor, boat houses

2 1073 1000 Dwelling houses up to two floors, operational buildings in
agriculture

3 <1073 >1000 Hospital, schools, public halls, etc.

that the exact calculation of avalanche run-out dis-
tance for the given frequencies is not possible, and
that the use of subjective judgment is necessary. The
rules were first established for the mapping of snow
avalanche hazard.

In Norway, ROS-analyses (vulnerability and risk
analyses) are run before regulation plans and build-
ing requests can be approved. The ROS-process
includes: (1) assembly of all relevant data from
national or local databases, and new site investiga-
tions; (2) mapping of hazard and consequence; (3)
presentation of proposed project to the county
authority; (4) implementation in the existing regula-
tion plan in the area; (5) if needed, requirement of
further detailed analyses and iteration from start; (6)
reply to building request.

At the county level, the project proponent needs
to establish whether the area is susceptible or not to
landslides, and document the process and conclu-
sions drawn. Figure 3.7 gives an example for land-

As part of the assessment, the process in Fig. 3.8
is followed, where the proponent needs to determine
if there is a hazard and the potential consequences.
Later, in the building plans, the proponent needs to
document safety or prepare mitigation measures.

The Norwegian standard NS 5814 (1991) consid-
ers risk analysis, including the necessary steps for
planning and execution of risk analysis and guide-
lines for presentation of results and conclusions. NS
5814 can be used for all types of risks including
multi-hazard situations. The planning of the risk
analysis includes: Initiation, description of problems
and objectives, establishment of working groups and
establishment of areas of responsibility. The working
group shall be familiar with methods for risk analy-
sis and the type of problems at hand. The verifica-
tion of the work shall be ensured by a competent
person not actively involved in the analysis. The
execution part of NS 5814 includes: Description of
subject for analysis (include limitations and circum-
stances that are important for safety); Selection of

Is the area within

slides in quick clays.

exiting susceptible zones?

Is the area within

lNO

‘ Is there marine clay in the area?

y

YES

Are the conditions indicating
susceptibilitly to landslides?

Fig. 3.7 Landslide hazard ‘
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YES l
—NO Calculate possible extent of slide
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Areais declared acceptable B
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Fig. 3.8 Implementation of hazard assessmen
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procedures and methods (include uncertainties);
Selection of data sources; Identification of undesired
events; Causal analysis (based on the selected unde-
sired events, considering measures to eliminate the
causes, and if quantitative, including quantification
of the probability of undesired events); Consequence
analysis (including long and short term conse-
quences and mitigation measures to reduce the
consequences; the consequence analysis can be
qualitative or quantitative; a quantitative conse-
quence analysis shall contain i) calculation of the
extent of damage caused by the undesired events
and i) quantification of the probability of the
consequences given the occurrence of the unde-
sired events); Description of risk (based on both
the causal analysis and the consequence analysis)
and Presentation of results. The NS framework
does not include an evaluation of the risk as a
function of acceptance criteria and gives no quan-
titative acceptance criteria. (The standard is pre-
sently under review.)

In the petroleum sector, the NORSOK Z-013
standard considers risk analysis. The NORSOK Z-
013 framework has four levels (Fig. 3.9):

Risk analysis planning

-

Risk acceptance ofteda

-

System definifion 4

-~

Hazard identfication Risk reduction measures

-

-

~

Consequance analysis

Frequency analysis

I|Risk estimation

Il Risk analysis

~

Risk pieture

Il Risk assessment

IV Part of safety management and risk control

Risk ewaluation

unacceptable

acceptable

Further risk reducton measures

Fig. 3.9 Risk analysis framework (NORSOK Standard Z-013, 2001)
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Level I: Risk estimation (inner level)

Level II: Risk analysis

Level I11: Risk assessment

Level IV: Safety management and risk control
(outer level)

The NORSOK Z-013 standard is more compre-
hensive than the NS 5814 standard. However,
NORSOK does not provide quantitative accep-
tance criteria for hazard or risk.

3.4.2 Example- Risk Zonation
for Quick Clay

As part of work for The Norwegian Water
Resources and Energy Directorate (NVE), Greger-
sen (2001) developed a simple method to classify
and map the risk posed by potential quick clay
slides. Potential slide areas are given “engineering
scores” based on an evaluation of the geotechnical
parameters, local conditions, persons or properties
exposed and engineering judgement. Hazard
classes are described as low, medium and high.

Consequence classes are discussed as not severe,
severe and highly severe. The resultant risk, based
on engineering evaluation and experience, is divided
in five risk classes (Lacasse et al. 2004).

3.4.2.1 Hazard Classes

The hazard level depends on topography, geological
and geotechnical conditions, and changes at the site.
The evaluation of the hazard is done with the help of
Table 3.2. The weight given to each hazard in
Table 3.2 (or later, to consequence in Table 3.3)
describes its importance relative to the stability of
the slope. The hazard classes are:

Low: Favourable topography and soil conditions;
extensive site investigations; no erosion; no earlier
sliding; no planned changes, or changes will
improve stability.

Medium: Less favourable topography and soil con-
ditions; limited site investigations; active erosion;
important earlier sliding in area; planned
changes give little or no improvement of
stability.

Table 3.2 Evaluation of hazard for slides in quick clay in Norway

Hazard Weight Score for hazard

3 2 1 0
TOPOGRAPHY
Earlier Sliding 1 Frequent Some Few None
Height of slope, H ® 2 >30m 20-30 m 1520 m <I15m
GEOTECHNICAL CHARACTERISTICS
Overconsolidation ratio (OCR) 2 1.0-1.2 1.2-1.5 1.5-2.0 >2.0
Pore pressures 3 > + 30 10-30 0-10 Hydrostatic
— In excess (kPa) -3 > —50 —(20-50) —(20-0) Hydrostatic
— Under pressure (kPa)
Thickness of quick clay layer @ 2 >H/2 H/2-H/4 <H/4 Thin layer
Sensitivity, S, 1 >100 30-100 20-30 <20
NEW CONDITIONS
Erosion @ 3 Active/sliding Some Little None
Human activity 3 Important Some Little None
— Worsening effect -3 Important Some Little None
— Improving effect
TOTAL SCORE
Maximum weighted score 51 34 16 0
% of max. weighted score 100% 67% 33% 0%

® For the quick clays in the study, inclination was identical for all slopes (1:3), and slope inclination was not included as a
variable. In a general study, slope inclination should be added in the list of hazards.

) Relative to hydrostatic pore pressure

D 1 general, the extent and location of the quick clay are also important.

) Erosion at the bottom of a slope reduces stability.
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Table 3.3 Evaluation of consequence for slides in quick clay in Norway

Possible damage Weight Score for consequence
3 2 1 0
HUMAN LIFE AND HEALTH
Number of dwellings(i) 4 >5 >5 <5 0
Closely spaced Widely spaced Widely spaced
Persons, industry building 3 > 50 10-50 <10 0
INFRASTRUCTURE
Roads (traffic density) 2 High Medium Low None
Railways (importance) 2 Main Required Level None
Power lines 1 Main Regional Distrib. network Local
PROPERTY
Buildings, value®™ 1 High Significant Limited 0
Consequence of flooding 2 Critical Medium Small None
TOTAL SCORE
Maximum weighted score 45 30 15 None
% of max. weighted score 100% 67% 33% 0%

“) Permanent residents, in both sliding area and within run-out distance.
(“) Normally no one on premises, but building(s) have historical or cultural value
(i) Slides may cause water blockage or even dam overflow, flooding may cause new slides; there should be time for evacuation;

damage depends on a complex interaction of several factors.

High: Unfavourable topography and soil character-
istics; limited site investigations; active erosion;
extensive earlier sliding in area; planned changes
will reduce stability.

The zones with weighted score between 0 and 17
(up to 33% of maximum score) are mapped as “low
hazard” and have low probability of failure by sliding.
The zones with weighted score between 18 and 25 (up
to 50% of maximum score) are mapped as “medium
hazard” and have a higher, though not critical, prob-
ability of failure. The zones with weighted score
between 26 and 51 are mapped as “high hazard” and
have a relatively high probability of failure.

3.4.2.2 Consequence Classes

Consequences are commonly evaluated in terms of
human life safety, environmental, financial and social
effects. The evaluation of the consequences is done
with the help of Table 3.3, with consequence classes:

Not severe: No or small danger for loss of human
life, costly damage or consequences.

Severe: Danger for loss of life or property or impor-
tant economical or social loss

Highly severe: High exposure of human life loss or
large economical or social loss.

The zones with weighted score between 0 and 6
(13% of maximum score) are mapped as “not severe”.
In these zones, there would be very few or no perma-
nent residents. The zones with weighted score between
7 and 22 (up to 50% of maximum score) are mapped
as “severe”. The zones with weighted score between 23
and 45 are mapped as “highly severe”; they would hold
a large number of persons, either as residents or as
persons on the premises temporarily.

3.4.2.3 Risk Classes

The risk score to classify the mapped zones into a
risk class is obtained from:

Risk = Hazard x Consequence

Rws = Hwse) X Cwss)
where

Rys = Weighted score for risk mapping
Hys(%) = Hazard weighted score in %

Cws(%) = Consequence weighted score in %

Table 3.4 gives the risk scores for the five risk
classes used for quick clay slides in Norway. Fig-
ure 3.10 shows a risk mapping of the area Modum in
Norway.
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Table 3.4 Risk classes for slides in quick clay in Norway

Risk Class 1 (lowest) 2 3 4 5 (highest)

Risk Weighted Score (RWS) 0-160 167-600 628-1900 1906-3200 3200-10,000

RWS (% of max RWS) 0-1.6% 1.6-6% 6.3-19% 19-32% 32-100%
Tegnforklaring
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Fig. 3.10 Quick clay risk map for Modum, Norway

3.4.2.4 Decision-Making on Remedial Measures

To make decisions on the need for additional soil
investigations, stability analyses or other remedial
actions, Table 3.5 gives recommendations for quick
clay areas in Norway.

The volume of the sliding material is probably the
most important factor for the extent of the run-out
zone. If several millions of cubic metre is involved,
the run-out cannot be evaluated by simple dynamic
or topographic models. This is especially important if
large rivers are blocked and huge amounts of water

are dammed with the possibility of generation of
catastrophic flood waves downstream.

3.5 Digital Technology

3.5.1 Landslide Prediction

Landslide evaluation and prediction has several
stages, including: (i) detection of movement
through monitoring, (ii) temporal evaluation



42

S. Lacasse and F. Nadim

Table 3.5 Activity matrix as a function of risk class

Activity Risk class
1-2 3 4 5
Soil investigations None Consider additional insitu ~ Require additional in situ Require additional in situ tests,

tests and pore pressure

measurements
Stability analyses None None
Remediation® None None

tests and pore pressure
measurements
Consider doing
Consider doing

pore pressure measurements
and laboratory tests
Require
Require

¢ g. erosion protection, stabilizing berm, unloading, soil stabilization, moving of residents

through analysis of data and numerical simulation,
and (iii) definition of thresholds identifying critical
instability. For site-specific slopes with monitoring
by instruments, the slope displacement represents
one of the key indicators of actual slope perfor-
mance. The monitoring may include: in-situ,
remote, and surface/subsurface methods. It is
important to consider the issues of “what to mea-
sure” and “where to measure”, system uncertainty
and reliability etc, in order to avoid misleading
results.

Instrumentation systems to monitor landslide
behaviour are employed in many different loca-
tions, often in conjunction with surface mapping
and sub-surface investigations, for a diverse range
of landslide types in many different geological
settings and landscapes. To determine where pro-
tective measures are necessary, landslide inven-
tories and risk assessment maps over large areas
are needed. Scientists are today increasingly rely-
ing on global satellite data to produce landslide
inventories and risk assessment maps over wide
areas; remote sensing data from optical and radar
sensors (Synthetic Aperture Radar, SAR) are
applicable to landslide mapping due to multispec-
tral and textural information, high repetition
cycles and global coverage. The integration of
SAR and optical images, along with SAR inter-
ferometric techniques, are currently used for char-
acterising landslides. New techniques such as DIn-
SAR and high resolution image processing are
increasingly exploited for risk assessment studies.
DInSAR is a powerful technique to measure from
satellite displacements and has been successfully
applied to detect subsidence and landslides, earth-
quakes or volcanic activity. The ground-based
radar device such as LISA (Linear SAR) is capable
of assessing the deformation field of an unstable

slope in the areas characterised by a high radar
reflectivity.

Near surface geophysical methodologies (seis-
mic, gravimetric, magnetic, electric and electromag-
netic) are often applied to monitor hydrogeological
phenomena. New electric and electromagnetic sur-
vey techniques have been applied to areas with com-
plex geology (seismic, geothermal, volcanic and
landslide areas, etc.).

In many landslide risk areas, it may be too costly
to stabilise a landslide area. Mitigation work may
too intrusive in sites of cultural heritage, of out-
standing beauty, or for other reasons. Early warn-
ing systems allow the adoption of strategies for the
mitigation of landslide risk not involving the con-
struction of expensive and environmentally dama-
ging protective measures. On an operational basis,
hazard/susceptibility maps, movements identifica-
tion and monitoring need to be coupled with “real
time” continuous measurement and with observa-
tions on possible “triggering” events. The output
should call for action at different levels, involving
local, regional, national and even international
authorities.

3.5.1.1 Monitoring and Remote Sensing

The objectives of the monitoring of the movement
include (1) monitoring for public safety and risk
management, (2) health or performance monitor-
ing, (3) regional warning (e.g. landslide), (4) con-
struction quality control and (5) the understanding
of the behaviour observed (technical development).
Different purposes will have different monitoring
and follow-up requirements. One needs to consider
the likely modes of failure in data interpretation and
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the setting of threshold values (e.g. brittle versus
ductile failure controlled, among others, by material
and mass properties).

The detection of movement is a more direct
measure of the potential instability than the other
measurements. If only pore pressures are moni-
tored, it may be difficult to foretell how immi-
nently the instability may occur. It is however
best to relate the movement monitored to other
monitoring data (e.g. pore pressure, rainfall, etc.)
to have a more complete appreciation of the slope
behaviour.

Remote sensing tools, such as LiIDAR, InSAR
or other imagery, are practical and for many of
them, affordable tools in landslide hazard assess-
ment programs. Table 3.6 presents the consensus
reached at the Landslide Risk Management Forum
Hong Kong in 2007 (Lacasse 2008) on the
strengths and limitations of most of the techniques
in use today. Issues of “where”, “when”, “why” and
“costs” influence the selection of technique(s) in
practice. In plenum, the session participants
agreed with the table presented and the evaluations
made.

3.5.1.2 Interpretation of Movement Data

The interpretation of movement data needs a suita-
ble model for projection of behaviour, e.g. the
observational approach, which is typically done
empirically or based on common sense instead of
theoretical/numerical analyses.

Numerical simulation can be used to set-up a
framework to interpret ground movement; with
the observed data used to calibrate the model pre-
dicting the slope behaviour up to failure. It is best to
do the calibration against a slope that has gone to
failure. The code will differ from conventional limit
equilibrium stability calculations, but will be more
complex, and require more input parameters and
hence have more uncertainty.

Thresholds need to relate to anticipated mode of
failure and time for response. In the case of a brittle
failure with little warning signs before collapse with
fast-moving debris, the movement monitoring
could give result to a false sense of security! One
also needs to consider whether there are potential
mechanisms under which ductile failures could

become brittle failures. Where a slope failure is
brittle, an observation of no movement could give
a false sense of security.

3.5.2 Digital Mapping

Mapping should be available to enable landslide
risk management to be effective. The mapping
can consist of (1) susceptibility maps for general
land-use planning; (2) hazard maps, which give
more information and allow for finer tuning of
risk management; (3) risk maps, forming the basis
for disaster preparedness and early warning; and
(4) risk maps for risk-based design of remedial
measures.

Susceptibility mapping is possible and useful,
both in terms of source area and run-out area.
Establishing hazard maps is difficult, establishing
risk is even more difficult. Landslide inventory is
essential, and vulnerability information is usually
where there is most information missing. It is
important to be aware that vulnerability is much
more than just the physical vulnerability.

The mapping scale depends on the objectives of
the mapping: scale of study, available data, techni-
ques and models used and whether the mapping is
static or dynamic (dynamic meaning that the data
change with time). At the site investigation level, the
mapping seems less useful and can be replaced by
engineering design.

The scale of a susceptibility map is dictated by
the constraints of the terrain and quality of data.
For instance, if the quality of data is not too reli-
able, only small-scale maps can be prepared.
Depending on the scale wanted, one has to choose
the adequate data needed.

There are many uncertainties in susceptibility,
hazard and risk mapping that need to be dealt with,
including landslide inventory, input data (geology,
geomorphology, terrain, slope inclination, soil
layer thickness, properties of soils), models and
methods used and temporal changes for the ele-
ments at risk. Vulnerability and hazard change
continuously.

In considering the vulnerability of a facility, other
types of hazard should also be considered in addition to
the landslide hazard. Multi-hazard risk is important.



Table 3.6 Remote sensing technologies: strength and limitations (Hutchinson, J. 2008 Personal communication; Lacasse 2008)

as above, but can monitor
faster movements, but
semi-permanent
installation and view
point is required

as above, plus can pick up
larger movements

System Applications Resolution Limitations Strengths-DEM from all Future
Photogrammetry | Terrestrial joint survey, scrap and cm to m, field of view, image rapid, cheap, long term digital imagery, use
change detection depending resolution, requirement record, stereoscopic- of high resolution
on scale for surveyed positions, build DEMs and see scanners and
vegetation obscurance terrain conditions video
Airborne landslide inventory and
time series analysis
LiDAR Ground based- | landslide monitoring, mm to cm hunidity, distance multi-return LIDAR allows | costs will decrease,
static landslide mapping, limitations, angular bare earth model, very signal analysis
topography limitations, reflectivity, high accuracy, high rate will improve,
Ground based- extraction HR, joint vegetation obscurance, of acquisition, automated
mobile surveys, moisture too much data?, field of perspective views feature
detection view possible extraction?
Airborne-fixed
wing
Airborne-
helicopter
InSAR Standard movement detection mm visibility and shadowing, large area survey, long term | more frequent passes
and monitoring, need reflectance, doesn’t monitoring, returm of satellite,
time series penetrate vegetation, frequency affects monitoring of
displacement, HR limited to slow use, comparison or faster landslides
movement detection movements combination of
(ground based) ascending and
descending paths,
movement measurement,
rapid mapping of
targeted
PS as above, plus only works as above, plus mm accuracy
with stable reflectors, movement detection
Ground based very expensive
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Optical satellite
images

landslide inventory and
time series analysis
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expensive, image quality can
be poor due to cloud
cover

landslide surveys, large area
coverage, historical
record since 1990’s,
change detection, rapid
mapping of targeted
areas

higher resolution
satellites to be
deployed, more
satellites will
increase coverage
and frequency

Weather Radar precipitation intensity, depending on calibration is required helps map spatial enhanced mapping
early warning from calibration, distribution of weather of weather
rainfall intensity and km systems, cheaper
accumulation systems

Others Thermal, IR low resolution vegetation classification,

water content, change
detection
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3.6 Monitoring and Early Warning
Systems for Landslides

Faced with natural hazards, especially landslides,
society’s only recourse is to learn to live with them.
It is therefore important to understand and predict
landslide behaviour. One can live with a threat,
provided the risk associated with it is acceptable or
provisions are made to reduce the risk to an accep-
table level. The role of landslide monitoring and
warning is to gather information useable for avoid-
ing or reducing the impact of landslide activity.
After the recent natural catastrophes around the
world, landslide monitoring and especially early
warning, have gain enormous interest. The ever
increasing need to locate new land areas for urban
expansion also requires development in areas with
unstable slopes. On the other hand, technological
advances in measurement technology as well as data
acquisition, transmission and analysis procedures
have made monitoring and early warning systems
easier to implement.

3.6.1 Requirements for an Early Warning
System

As opposed to a monitoring programme, a reliable
early warning system needs:

— Understanding of the sliding process

— Historical knowledge of triggers (e.g. rainfall)

— Effective monitoring programme

— Interpretation of data

— Decision-making, including possibility for
human intervention

— Public tolerance of false alarms

— Communication system

— Pre-established action plans for implementation

— Feedback loop and adaptability of system and to
“new” knowledge

If a landslide occurs or is on the verge of occur-
ring, time is needed for detection through the EWS,
notification (authorities -police, city council-
required action (closure of roads, evacuation, ...).
Societal needs and controls are also a factor. But
utmost, communication is the most critical need.

Sharing information on the monitoring system is
an absolute requirement for an effective early warn-
ing system. The expectations from the general public
and the regulator differ. Efficient sharing of informa-
tion is a challenge. There is generally very little time
for the regulator to disseminate monitoring informa-
tion is a challenge. Communication also depends on
public tolerance, method used to share the informa-
tion and the measurements themselves and the per-
ception of their reliability.

3.6.2 Landslide Monitoring

Monitoring is the key to slope instability assess-
ment, management and mitigation. The objective
of a landslide monitoring program is to collect,
record and analyse in a systematic and purposeful
manner qualitative and quantitative information
required to evaluate specific problems associated
with the slope or landslide being studied. The infor-
mation may comprise maps, photographs, boring
logs, topographical data, weather data and visual
observations. In most cases, monitoring will also
include installation of instruments and taking phy-
sical measurements. Landslide monitoring pro-
grams are implemented for a number of reasons,
including providing input for early warning
systems.

Monitoring programs vary considerably depend-
ing on the risk a potential unstable slope poses.
Programs can range from only visual inspections
to extensive programs comprising observations
from orbiting satellites and arrays of sophisticated
instruments installed at the site.

3.6.3 Designing and Carrying Out
a Monitoring Program

A successful monitoring program depends on (1)
ensuring that the monitoring is necessary, (2) know-
ing what to monitor and (3) knowing how to do it.
Monitoring programs will differ in methodology and
scope because landslides also differ, both in size,
velocities and type of movement associated with
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them. For the following types of mass movements,
rock falls, topples, rotational, sagging, spread and
flows, the approach to monitoring the displacements
will be quite different. The most important step in the
design of a successful landslide monitoring program
is to identify and understand the objective of the
program. Designing a monitoring program for land-
slides include the following steps:

— Gather as much site information as possible,
including maps, geological and topographical
data, geotechnical data, records of previous
slides and extent of potential sliding mass.

— Perform a stability analysis and hazard assess-
ment to gain an improved understanding of the
hazard

— Define the objective of the monitoring program
and select the type of measurements to be
included in the program, assigning a priority to
the measurements.

— On the basis of cost, availability and reliability
information, decide on the measurement meth-
ods to be used and select the appropriate
instruments

— Determine the optimum number of instruments
and locations; if available, use theoretical or
empirical models to optimise the number and
placement of instruments.

— Decide on the preferred method of data acquisi-
tion, e.g. manual or automatic recordings.

— Arrange for proper installation, protection and
marking of instruments and reference points in
the field

— Plan for data flow, data management and analy-
sis. Insure that there are sufficient funds to prop-
erly analyse the measurement data.

— Plan for adequate maintenance of the monitoring
system.

As a general rule of thumb, one should use the
simplest monitoring methods and equipment possi-
ble. Monitoring implies observations and physical
measurements. A landslide monitoring program
will normally comprise one or more of the follow-
ing: visual observations to look for evidence of
instability and to determine the areal extent of a
slide; remote sensing for classification and detection
of movement over large surface areas; surface mea-
surements for site characterization and monitoring

displacements; subsurface measurements for site
characterization, monitoring displacements and
pore water pressure, and environmental data, parti-
cularly magnitude and intensity of rainfall. Land-
slide monitoring techniques range from simple and
inexpensive manual and visual observations to
costly and sophisticated surveillance via satellites
and automatic systems. DiBiagio and Kjekstad
(2007) describe the approaches in detail.

3.6.4 Early Warning Systems
for Landslides

Early warning systems (EWS) mitigate risk by redu-
cing the consequences. The system issues alerts or
warnings early enough to give sufficient lead time to
implement actions to protect persons and/or prop-
erty. Early warning systems for landslides are mon-
itoring systems specifically designed to detect events
that precede a landslide in time to issue an imminent
hazard warning and initiate mitigation measures.
The key to a successful early warning system is to
be able to identify and measure small but significant
indicators that precede a landslide.

The relevant precursor depends on the type of
landslide. Typical examples of precursors are intense
rainfall, ground vibrations and earthquakes, blasting,
acceleration or high rate of movement in the slope,
rapid increases in pore water pressure or stream flow
at the toe of a slope. Typical instruments in an early
warning system are rain gauges, geophones, seismo-
graphs, piezometers, inclinometers, extensometers
and devices for measuring the movement of slopes.

The reliability of measurements is paramount in
any monitoring system, but particularly so in an
early warning system. A false alarm generated by
an automatic early warning system may pose more
of a hazard than the landslide itself. Thus, redun-
dancy and alternate measurement methods should
be considered to avoid false alarms. The conse-
quences of false alarms in a warning system are so
serious that every possible action must be taken to
eliminate them. One important step in this process is
to include data quality control measures in data
acquisition and processing to insure that erroneous
data is not used in analysis and forecasting of
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Fig. 3.11 Block diagram of a typical early warning system
(DiBiagio and Kjekstad 2007)

landslide activity. Another step is to make maxi-
mum use of human intelligence and “engineering
judgment” in decision-making — a process that,
unfortunately, does have practical limitations in a
fully automatic warning system.

The components of an early warning system are
the sensors and measuring devices, a real-time data
acquisition unit with communication link and soft-
ware to process and analyse the measurements. The
system issues warnings via the communication link
automatically when predefined alarm threshold
values are exceeded. An early warning system com-
prises four main activities: monitoring, analysis of
data and forecasting, warning and response.
Figure 3.11 presents a block diagram of a typical
early warning system.

The major problem in designing an early warning
system is to be able to specify reliable and effective
threshold values. This generally involves some form of
forecasting based on past trends in the measurements.
Engineering judgment is an important element in the
process of forecasting and setting thresholds. The
system must also be so flexible that the threshold
parameters can be changed as more information
becomes available on the performance of the monitor-
ing system and the behaviour of the slope being
monitored.

There is the need for more than one alert or action
level, related to the assessed/judged probability of
failure and the time to develop failure. It is difficult
to come up with absolute limits on tolerable slope
movement because of the lack of experience. The rate
of change of movement is usually of the essential and
central focus of the measurements and warning. One
must allow sufficient time for response. Risk com-
munication is also essential if monitoring is to be
used for risk management decisions.

The issues of false alarms and loss of credibility
remain an issue. Based on past experience in Hong
Kong, the use of movement monitoring results may
be more effective than measurements of groundwater
pressure. There are more frequent false alarms when
threshold groundwater pressure values are reached
because of conservative pore pressure assumptions
made in the slope stability analyses.

Early warning systems also benefit greatly
from lessons learned. The Val Pola landslide mon-
itoring system developed in 1987 for protecting
personnel working in a landslide is such an exam-
ple. Some of the lessons learned then include
(Bruzzi 1989):

— Standard instrumentation provides data of suffi-
cient quality for the evaluation of landslides.

— The reliability of instruments is in general
more important than accuracy and resolution
because a small decrease in instrument perfor-
mance is negligible compared to the uncertainties
in the models used to evaluate the data.

— Great care must be taken to insure adequate pro-
tection of instruments against environmental and
mechanical damage, electrical damage from thun-
derstorms and vandalism if relevant.

— A microseismic network is a powerful tool for
qualitative global monitoring of landslides, but
considerable experience and long-term observa-
tions are necessary for a quantitative analysis of
the data.

— Radio telemetry is well suited for data transmis-
sion under adverse operating conditions. When
distances are large, radio telemetry may be signif-
icantly less expensive than communication over
cables.

The technology exists today, both the instru-
ments, systems and models. The profession needs
to make all this knowledge work together. It is not
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the State-of-the-Art that is the problem, it is the
application of the State-of-the-Art that needs to be
improved (Lacasse 2008).

Future directions are expected to move towards:
(1) making simple visual observation in the field,
improving accessibility and enhancing rapid com-
munication; (2) education and awareness; (3) train-
ing of public, including having then input informa-
tion; and (4) improving interpolating solutions.

3.6.5 Early Warning for Debris flows

Debris flows strike quickly and move rapidly with
little warning. Debris flows are fast moving rela-
tively fluid masses of soil and water that can flow
for long distances even on slopes of only a few
degrees. They destroy or bury objects in their
paths and are particularly dangerous to life and
property because they can strike with little warning.

Studies of historical records of debris flows
show that it is the maximum intensity of rainfall
within a short period of time that determines
whether a slide will occur or not. Thus, rainfall,
duration and intensity, is a critical factor in pre-
dicting debris slides. It follows, therefore, that
rainfall is the best and perhaps the only realistic
input to an early warning system for debris flows.
The most reliable method to predict critical rainfall
intensities that can trigger debris flows is to corre-
late rainfall records to observe debris flows within
one geographical area.

To develop an early warning system for debris
flows or rainfall-induced landslides, one needs to
set the critical duration-intensity threshold values.
Figure 3.12 illustrates an example of such a threshold
used in Nicaragua.

If there is no landslide inventory available for a
correlation study, the best approach is to search the
literature for the critical rainfall intensity studies for
similar geographic and climatic areas. These start
values can be modified as more information
becomes available form the monitoring. Statistical
methods are also used to determine critical rainfall
intensities. Statistical data from Norway indicates
that debris slides can be expected if the accumulated
rainfall in one day is greater than 8% of the annual
rainfall. It has been possible to greatly simplify

49
80

£
£ w No debris slide activity if
8 \ data point is below the curve
= 504 s
= E—
g I
2
g
1§ o

300 400 500

96 hour accumulated rainfall [mm]

Fig. 3.12 Threshold trigger for debris flows in Nicaragua
for critical hourly rainfall vs. 96-h accumulated rainfall
(Heyerdahl et al. 2003)

critical rainfall threshold values in Hong Kong
using the large database of rainfall and landslide
statistics accumulated over many years of observa-
tions. Early warnings are now issued in Hong Kong
on the basis of two simple triggering conditions
namely: when rainfall exceeds 70 mm in one hour
or when rainfall exceeds 100 mm in 24 h.

3.7 Example - EWS in Remote Location

Lake Sarez is located in the Pamir Mountain Range in
eastern Tajikistan. The lake was created in 1911 when
an earthquake triggered a massive rock slide (volume:
~2 km?) that blocked the Murgab river valley. A
natural dam, Usoi Dam, was formed by the rockslide
which retains the lake. The dam is at an altitude of
3200 m. With a height of over 550 m, it is by far the
largest dam, natural or man-made, in the world.

Lake Sarez, impounded by this natural dam, is
now about 60 km long and has a maximum depth of
approximately 550 m and a volume of 17 km?. The
lake has never overtopped the dam but the current
freeboard between the lake surface and the lowest
point of the dam crest is only about 50 m. The lake
level is currently increasing about 30 cm per year. If
this natural dam were to fail, a worst-case scenario
would be a catastrophic outburst flood endangering
thousands of people in the Bartang, Panj, and Amu
Darya valleys downstream.

There is another natural hazard at Lake Sarez,
namely, a large active landslide on the right bank
(Fig. 3.13). If this unstable slope should fail and slide
into the lake, it would generate a surface wave large
enough to overtop the dam and cause a severe
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The Right Bank Landslide (RBL)

3 o S

Fig. 3.13 Active landslide on the right bank of Lake Sarez
(Photo SECO, State Secr. for Economic Affairs, Switzerland)

flooding downstream. Experts who have studied the
hazards agree that the most probable scenario at Lake
Sarez is failure of the right bank slope and overtop-
ping of the dam (DiBiagio and Kjekstad 2007).

In 2000, an international “Lake Sarez Risk Miti-
gation Project (LSRMP)” was launched under the
auspices of the World Bank to deal with the risk
elements posed by Usoi dam and Lake Sarez. The
two main objectives of the project were to find long-
term measures to minimize the hazard and to install
an early warning system to alert the most vulnerable
communities downstream. The early warning sys-
tem for Lake Sarez has been in operation since 2005.
The system has 9 remote monitoring units linked to
a central data acquisition system at a local control
centre near the dam. Data is transmitted via satellite
to the main control centre in Dushanbe, Tajikistan’s
capital. Alerts and warning messages are sent from
Dushanbe to 22 communities connected to the sys-
tem. The local control centre is manned 24 h per
day, every day. The measurements included in the
monitoring program are listed in Table 3.7.

At present, the warning system comprises three
alarm levels. Each level is based on monitored data
and/or visual observations. Threshold values for
triggering alarms include both maximum measured
values and rate of change with time. These are listed
in Table 3.8. Alarm states and emergency warning
plans are summarized in Table 3.9.

At the start, some initial operational and main-
tenance were encountered, but these have been
resolved underway. The principal problem has
been insufficient power in some of the remote vil-
lages. The system satisfied the specified one-year
error-free test program and has been formally
turned over to the Ministry of Defence who now
has responsibility for operation of the system. The
plan is to keep the early warning system in opera-
tion until 2020 which is the target date for comple-
tion of the mitigation works. The least expensive
mitigation measure to reduce the risk is to perma-
nently lower the lake level by about 120 m using a
diversion tunnel around the landslide.

3.8 Example - EWS for Rock
Slide-Triggered Tsunami

Rock falls and rockslides are among the most dan-
gerous natural hazards in Norway, mainly because
of their tsunamigenic potential. The three most dra-
matic natural disasters in Norway in the 20th cen-
tury were tsunamis triggered by massive rockslides
into fjords or lakes (Loen in 1905 and 1936 and
Tafjord in 1934), causing more than 170 fatalities
(Bjerrum and Jorstad 1968; Anda and Blikra 1998;
Blikra et al. 2002). As public attention on natural
hazards increases, the potential rockslides in the
Storfjord region in western Norway have earned
renewed focus. A massive rockslide at Aknes could

Table 3.7 Early warning system measurements at Lake Sarez (Stucky 2007)

Measurement

Methodology

Lake elevation

Detection of large surface wave
Seismic event

Surface displacements

Flow in Murgab river downstream
Turbidity in the outflow water
Flood conditions down stream
Meteorological data

Pressure transducer in the lake
Pressure transducer in the lake
Strong motion accelerometers
GPS

Radar type level sensor
Turbidity meter

Level switches

Complete weather station
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Table 3.8 Threshold values for Level 1 and Level 3 alarm states (Stucky

2007)

Level Source Threshold value

1 Seismic acceleration a>005g
Lake level elevation H > 3270 m above sea level
Rate of change of lake level dH/dt > 25 cm/day
River flow downstream Q >300m%sorQ < 10m¥/s
Manual alarm input Unusual visual observation

3 Height of wave on lake Wave height > 50 m

Flood sensor

River flow down stream
Rate of change of river flow
Manual alarm

Q > 400 m?/s

Q > 400 m3/s or Q < 5m’/s
dQ/dt > 15 m’/s/h
Major event observed

be catastrophic as the rock slide-triggered tsunami
is a threat to all the communities around the fjord.
The Aknes/Tafjord project was initiated in 2005 by
the municipalities, with funding from the Norwe-
gian government, to investigate rockslides, establish
monitoring systems and implement a warning sys-
tem and evacuation plan to prevent fatalities,
should a massive rockslide take place.

Aknes is a rock slope over a fjord arm on the west
coast of Norway. The area is characterised by fre-
quent rockslides, usually with volumes between 0.5
and 5 millions m*. Massive slides have occurred in
the region, e.g. the Loen and Tafjord disasters
(Fig. 3.1). Bathymetric surveys of the fjord bottom
deposits show that numerous and gigantic rock-
slides have occurred many thousands of years ago.
The Aknes/Tafjord project (www.aknes-tafjord.no)

includes site investigations, monitoring, and an
early warning system for the potentially unstable
rock slopes at Aknes in Stranda County and at
Hegguraksla in Norddal County. The project also
includes a regional susceptibility and hazard analy-
sis for the inner Storfjord region, which includes
Tafjord, Norddalsfjord, Sunnylvsfjord and Geiran-
gerfjord. The potential disaster associated with a
rockslide and tsunami involves many parties, with
differing opinions and perceptions.

As part of the on-going hazard and risk assess-
ment and validation of the early warning system,
event trees were prepared by pooling the opinion of
engineers, scientists and stakeholders. The objective
was to reach consensus on the hazard and risk
associated with a massive rockslide at Aknes
(Lacasse et al. 2008).

Table 3.9 Alarm states and emergency warning plan (DiBiagio and Kjekstad 2007)

Level 0 —Normal state

Level 1 — Abnormal state but not critical

Definition All systems operating properlyNo Definition Abnormal situation due to a natural
abnormal conditions detected phenomenon or technical problem
Origin of Early Warning System Origin of Early warning system
warning Local operating personnel warning Local operating personnel

Destination of

Local control centre and Dushanbe

Destination of | Local control centre and Dushanbe

warning warning
Action Daily operation and maintenance Action Inspection, checking, repair and observation
Level 3 —Escape Signal Level 4 —Back to normal signal
Definition Abnormal condition detected based on Definition Normal conditions confirmed after a Level 3
several sources alarm
Origin of Early Warning System Origin of Dushanbe
warning Local control centre or Dushanbe warning

Destination of
warning

Local control centre and all villages
downstream

Destination of
warning

Local control centre and all villages

Action

People in villages evacuate to predefined
safe areas

Action Back to Level 0
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3.8.1 Observed Displacements

Experience from Norway and abroad shows that
rockslide events are often preceded by warning
signs such as increased displacement rate, micro-
tremors and local sliding. Accelerating rate of dis-
placement several weeks and even months before a
major rockslide event is typical. Slope movements
have been detected at Aknes down to 60 m depth
(Fig. 3.14). New borehole data suggest movements
down to 100 m. Important uncertainties lie in the
most likely failure depth and location, and whether
the slide will occur as one large 30-60 millions m*
sliding event or a succession of several “small” slide

Meters above sea level

T T T
1200 800 400 0

Distance from fjord (m)

Fig. 3.14 Sliding volume scenarios. Surficial area (/eft) and
cross-section (right) (modified from Blikra et al. 2007)

Area I: Slide volume 10-15 millions m’, displacement =
6-10 cm/yr

Area II: Slide volume 25-80 millions m?, displacement =
2-4 cm/yr
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Fig. 3.15 Location of extensometers and displacements
from extensometer 1, 2, 3, 4 and 5 at the top scarp at Aknes
(Kveldsvik et al. 2006)

events. Figure 3.14 presents the Aknes slope and
two slide scenarios. Figure 3.15 shows some of the
displacements observed at the upper crack. Water
seeps (“springs”) are seen emerging on the down-
stream slope (Kveldsvik et al. 2008). The displace-
ments in Fig. 11 appear to move linearly with time.
The total annual displacements vary from less than
2 ¢cm up to about 10 cm.

3.8.2 Instrumentation and Monitoring

The large variations in weather and atmospheric
conditions in the fjord and mountain areas pose
unusual challenges to the instrumentation. For
example, the hazard due to snow avalanche and
rock bursts is high in most of the area to be mon-
itored. Solar panels do not provide sufficient
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electricity, and energy has to be obtained from sev-
eral sources to ensure a stable and reliable supply.
Significant effort is underway to deploy robust
instruments and improve data communication dur-
ing periods of adverse weather. An Emergency Pre-
paredness Centre is located in Stranda. The mon-
itoring data will be integrated into a database that
will form the basis for future analyses. Based on the
experience with similar projects and the specific
needs in Storfjord, the overall monitoring system
was equipped with:

Surface monitoring
— GPS-network with § antennas
— total station with 30 prisms
— ground-based radar with 10 reflectors
— 5 extensometers measuring crack opening
— 2 lasers measuring opening of the 2 largest
cracks
— geophones that measure vibrations

Monitoring in borehole
— inclinometers measuring displacements
— piezometers measuring pore pressure
— temperature
— electrical resistivity of water

Meteorological station
— temperature
— precipitation and snow depth
— wind speed
— ground temperature
— radiation

Light Detection and Ranging (LiDAR) mapping
and radar measurements were also done. Several
independent systems were installed to ensure con-
tinuous operation at all times, and different com-
munication systems were implemented to ensure
continuous contact with the Emergency Prepared-
ness Centre in Stranda.

3.8.3 Modelling of Tsunami Following
Rock Slide

The tsunami wave propagation due to an Aknes rock
slide was modelled numerically for two rock slide
scenarios: slide volume of 8 million m* and 35 million
m’. Run-up values were estimated for 15 locations in

Table 3.10 Estimated run-up heights in the Storfjord region

Location Run-up heights Run-up heights
8 millions m* 35 millions m*

Hellesylt 8-10m 25-35m

Geiranger 8-15m 20-40 m

Stranda 1-3m 3-6m

Fjora 12m 5-7m

Tafjord 35m 12-18 m

the Storfjord region (Eidsvig and Harbitz 2005;
Glimsdal and Harbitz 2006; Eidsvig et al. 2008).
The results of the simulation for three locations are
shown in Table 3.10. Preliminary results of tsunami
modelling suggest an inundation height of up to 35m
at Hellesylt for rockslide volume of 35 million m® at
Aknes. The modelling of the tsunami caused by the
rockslide includes several uncertainties. To reduce
the uncertainties, physical modelling is presently
underway in university laboratories in Oslo and
Trondheim (University of Oslo and the Norwegian
University of Science and Technology (NTNU) in
Trondheim. The model tests are run to improve the
understanding of the initial wave pattern generated
by the sliding rock masses. A rock slide as large as 30
million m?® will pose a serious threat to coastal areas
of several communities in the Storfjord region, and
may have also serious consequences further out
along the fjord.

3.8.4 Event Tree Analysis (ETA)

An event tree is a graphical construction that
describes the sequence of the occurrence of events
in a logical system. The tree identifies the possible
outcomes and contains estimates of their probabil-
ity of occurrence. As the number of events
increases, the construction fans out like the
branches of a tree. Each path in the event tree
represents a specific sequence of events, resulting
in a particular consequence. The events are defined
such that they are mutually exclusive. ETA is a
valuable analysis tool because it is simple and gra-
phic, it provides qualitative insight into a system,
and it can be used to assess a system’s reliability in
a quantitative manner (Hartford and Baecher
2004; Hoeg 1996).
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3.8.4.1 Achieving Consensus

In a multi-disciplinary process such as the analysis of
hazard and risk associated with natural hazards, a
number of “experts”, specialists and stakeholders are
assembled and need to agree on the numbers set on
the branches of the event tree. One needs then to
achieve “consensus”. Consensus derives from Latin,
“cum” meaning “together with ” and “sentire” mean-
ing to “think” or “feel”. Etymologically, “consensus”
therefore means to think or feel together’. In a deci-
sion-making process, consensus aims to be:

— inclusive: as many stakeholders as possible
should be involved in the consensus decision-
making process.

— participatory: the process should actively soli-
cit the input and participation of all decision-
makers

— cooperative: participants should strive to reach
the best possible decision for the group and all of
its members, rather than opt to pursue a majority
opinion, potentially to the detriment of a
minority.

— egalitarian: all members of a consensus decision-
making body should be allowed, as much as pos-
sible, equal input into the process; all members
have the opportunity to table, amend, veto or
“block” proposals.

— solution-oriented: the decision-making body
strives to emphasise common agreement rather
than differences and use compromise and other
techniques to reach decisions and resolve
mutually-exclusive positions.

3.8.4.2 Example of ETA Results for Aknes

The event trees were constructed by pooling the opi-
nion of engineers, scientists and stakeholders. The
objective was to reach consensus on the hazard, vul-
nerability and risk associated with a rockslide at
Aknesand quantify the hazard (probability of a rock-
slide and tsunami occurring) and the potential losses
(human life and material and environmental damage).
Different triggers for the rockslide were analysed.
The ETA was carried out over three days, where
scientists and stakeholders with relevant competence
to grasp the situation as a whole were assembled. The

objectives of the analysis were also to examine the
required parameters for an effective early warning
system and suggest possible mitigation measures, e.g.
drainage wells and drainage galleries. The paper
describes the event trees used for estimating risk.
Progress is underway on the analysis and the results
are only preliminary. The other topics will be the
object of future papers.

The participant list for the results shown below
included the following representatives:

— manager for Aknes/Tafjord project

— mayor of community

— social scientist from community

— city planner from community

— policeman working on emergency plans and
evacuation

— local politician

— representative from community office

— directorate  for safety and emergency
preparedness

— journalist/media

— officer from ministry of highways

— meteorologist

— physical geographer

— social geographer

— geologist

— engineering geologist

— rock mechanics specialist
— geotechnical engineer

— tsunami specialist

— instrumentation specialist
— carthquake engineer

— seismologist

— mathematician

— statistician

— risk analysis specialist

The following event trees were constructed dur-
ing the three-day meeting:

— event tree, rockslide due to seismic trigger

— event tree, rockslide due to high pore pressure
trigger

— event tree, rockslide due to weathering and creep
trigger

— event tree, tsunami wave against Hellesylt

— event tree, consequences of tsunami

— event tree, optimum observations for early
warning
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Table 3.11 Estimated probability of run-up heights at Hellesylt, given that a rock slide of larger

volume has occurred

Run-up height < 5m Run-up height > 5m; <20 m

Run-up height > 20 m

P=3x10*yr P=5x10*yr

P=1x10*yr

Event trees were constructed for three triggers of
rock slope instability: earthquake, high pore pres-
sure and weathering creep and weakening of sliding
plane. The event trees represent the judgment for
the “today” (October 2007) situation. The trees set
numbers for the probability of a slide within the
next year, but the probability changes with time.
The event trees should therefore be updated as
new information becomes available.

Figure 3.16 (Lacasse et al. 2008) presents an
example of the event tree for tsunami propaga-
tion, given that the rockslide has occurred. The
numbers are given to illustrate the process, and are
not to be used as estimates for the rock slope at
Aknes. The steps for the tsunami event tree
included: (1) rockslide is triggered; (2) slide is in

V> 35 mill,m” YT —

0.1

0.9

0.2 0.001

0,459~

0.5

one massive volume or in pieces; (3) volume of
rockslide (V < 5 millions m*® to V > 35 millions
m?); (4) resulting run-up height on land (R < 5 m
to R > 20 m). The failure probability is the sum-
mation of the failure probabilities, P, in all the
branches of the tree (Table 3.11).

As part of the evaluation of the consequences of
a rockslide and tsunami, the magnitude of the con-
sequences (loss of life and material property and
environmental damage) depends on: warning time
before the rockslide or tsunami hazard occurs, relia-
bility of emergency preparedness plan, run-up
height, local water level, local water flow velocity,
availability of escape routes and distance to safe
havens, time of the day, time of the year, training
of professionals and public, unforeseen concurrent

= 0.072P,

5 m < Run-up < 20 m | - 719-10'19'
Rz5m,
S P, = 8010°P P=03P
Sm=R=20m,
Run-up > 20 m Puzap =022, P=05P
Rz20m,
5 m < Run-up £ 20 m P,opezg= 043P P=01P
_ gt : R (all run-up heights),
P=09P
| Sm < Run-up<20m Pyonesn = DUSOP,
Run-up <5 m [3 = 0.050P,

Stop

Fig. 3.16 Event tree for tsunami propagation, given that rock slide has occurred (V= rockslide volume, R = run-up height)
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event etc. These factors will form the steps of the
event tree on consequences.

3.8.5 Early Warning and Emergency
Preparedness

The Aknes/Tafjord early warning and emergency
preparedness system was implemented early 2008.
As part of this system, the Emergency Preparedness
Centre in Stranda is in operation continuously (24 h,
7 days). Alarm levels and responses are under devel-
opment. The aim is to establish guidelines for mon-
itoring and alert levels as a function of observed
displacement rates on the extensometers, in the case
of impending failure. Figure 3.17 and Table 3.12
present an example of the alarm and response sys-
tem. The system is in constant evolution. The evalua-
tion of the alarm status is done on the basis of an
integrated interpretation of all measurements avail-
able, and their evolution over time (Blikra et al. 2007;
Blikra 2008).

The Aknes/Tafjord early warning and emer-
gency preparedness system was implemented early
2008. As part of this system, the Emergency Prepa-
redness Centre Stranda is in operation continuously
(24 h, 7 days). Alarm levels and responses are under
development. The aim is to establish guidelines for
monitoring and alert levels in the case of impending
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Fig. 3.17 Illustration of the alarm levels as function of dis-
placement velocities (vertical axis: displacement rate in mm/
day; horizontal axis: relative time before failure)

failure. Figure 3.9 and Table 3.3 present an example
of the alarm and response system.

The event tree for the Aknes early warning system
involved, among others, the following steps: (1) time
needed for warning (t in weeks, days or hours, some
triggers give more time than other); (2) technology
(working, yes or no); (3) are signals picked up? (yes or
no); (4) are signals correctly interpreted? (human ele-
ment, time available, delegation of authority, etc);
(5) warning parameter(s) to follow up before and
during warning; (6) choice of threshold values. A
number of factors were seen as important to consider:

— 4-5 wks/yr are the most critical because of cli-
matic factors; at that time, one should define an
increased alarm level

Table 3.12 Sketch of alarm levels and response indicated in Fig. 3.14

Alarm level Activities and alarms

Response

Minor seasonal variations
No alarm

EPC staff only
Technical maintenance

Important seasonal fluctuations for
individual and multiple sensors
Values<excess thresholds for Level 2

Increase frequency of data review, compare different
sensors
Call in geotechnical/geological/monitoring expert

Level 3 Increased displacement velocity,
Increase seen on from several individual sensors
awareness Values<excess thresholds for Level 3

Do continuous review, do field survey,
geo-expert team at EPC full time

Inform police and emergency/preparedness teams in
municipalities

Accelerating displacement velocity observed
on multiple sensors
Values<excess thresholds for Level 4

Increase preparedness, continuous data analysis
Alert municipalities to stand prepared for evacuation

Continuous displacement acceleration
Values>excess thresholds for Level 4

Evacuation

EPC = Emergency Preparedness Centre in Stranda
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Fig. 3.18 Classification in hazard zones (Karlsrud 2008; Gregersen 2008)(SF = Safety Factor)

— life and range of operation of sensors (¢.g. extens- — establish threshold values to decide on when to
ometers) should be checked continuously move back after false alarm, but bake in the

— any presence of large amount of water should be possibility of slide developing with time
monitored — be prepared with a new monitoring system to

— careful thought should be given to what is/are the be set in operation quickly after a first slide that
most representative measurements for early has probably destroyed the instrumentation in
warning place

— monitoring should be spread out, as failure
may occur in other locations than crack; consider
additional boreholes and other measurements

— when making decision, look at snow avalanche 3.9 Mitigation Measures

warning
— statistical evaluation of measured data should be  Landslide mitigation measures can be classified as
built in system; consider Bayesian updating structural and non-structural. Structural measures
— adapt warning curve (Fig. 3.17) as more knowl- include, but are not limited to: slope stabilisation,
edge is acquired drainage, erosion protection, channelling, vegetation

— consider whether police and other authorities and ground improvement, barriers such as earth
should be on standby earlier than suggested in ramparts, walls, artificial elevated land, anchoring
Table 3.12 (police needs 72 h to evacuate entire systems and retaining structures; buildings designed
Storfjord area) (and placed) in locations to withstand the impact
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forces of landslides and to provide safe dwellings for
people, and escape routes. Non-structural measures
include land-use planning and other consequence-
reducing measures. Consequence-reducing measures
include, but are not limited to: retreat from hazard,
land-use planning, early warning, public prepared-
ness, (escape routes, etc.) and emergency manage-
ment. The risks may also be pooled through insur-
ance mechanisms.

It is important, when evaluating mitigation
measures, to weigh benefits of the measures to be
implemented and the possible negative effects these
measures may have. Decision-making will rest in
finding an optimal solution.

3.9.1 Example - Hazard and Risk
Mitigation in Drammen

The city of Drammen, along the Drammensfjord
and the Drammen River, is built on a deposit of
soft clay. Stability analyses were done in an area
close to the centre of the city, and indicated that
some areas did not have satisfactory safety against a
slope failure. Based on the results of the stability
analyses and the factors of safety (FS) obtained,
the area under study was divided into three zones
(Gregersen 2005):

— Zone I FS satisfactory
— Zone II FS shall not be reduced
— Zone III FS too low, area must be stabilised

Figure 3.19 illustrates the mitigation done in
Zone III: a counter fill was immediately placed in
the river to support the river bank, and the factor of
safety checked again. The counter fill provided ade-
quate stability (Gregersen 2008).

Fig. 3.19 Mitigation in Zone III in Drammen

In Zone I1, no immediate geo-action was taken,
but a ban was placed on any new structurel and
foundation work without first ensuring increased
stability. Figure 3.20 illustrates four cases (Gre-
gersen 2008; Karlsrud 2008): (1) if an excavation is
planned, it will have to be stabilised with anchored
sheetpiling or with soil stabilisation, e.g. with
chalk-cement piles; (2) new construction or new

Anchored
sheetpiling

Fig. 3.20 Hazard, mitigation and preventive measures in
Zone Il in Drammen
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foundations cannot be done without first check-
ing their effect on the stability down slope; for
example, adding a floor to a dwelling may cause
failure because of the added driving forces due
to the additional loading, and new piling up
slope will cause a driving force on the soil
down slope.

3.10 Summary and Conclusions

As a consequence of climate change and increase in
exposure in many parts of the world, the risk asso-
ciated with landslides is growing. The profession
needs to forecast the occurrence of landslide and
the hazard and risk associated with them.

Climate change, increased susceptibility of sur-
face soil to instability, anthropogenic activities,
growing urbanization, uncontrolled land-use and
increased vulnerability of population and infra-
structure as a result, contribute to the growing land-
slide risk. In areas with high demographic density,
protection works often cannot be built because of
economic or environmental constraints, and is it not
always possible to evacuate people, because of soci-
etal, geographical, seasonal, warning time or other
reasons.

People living in cities are less exposed to the risk
posed by landslides than people living in rural areas.
The exception is the poorest segment of the popula-
tion who live in slums that develop at a pace that no
urban planner can control.

The mitigation and prevention of the risk posed
by natural hazards have not attracted widespread
and effective public support in cities during recent
decades. If geohazards risk reduction is to be suc-
cessful in the future, geoscientists and engineers
need to develop new solutions that are appropriate
for dealing with the global changing due to climate,
demography and policies.

This will involve refocusing attention on the lit-
tle-explored interface between technical and natural
sciences on one hand, and social and political
sciences on the other (Nadim and Lacasse 2008).
Such a stance will bring the different professions
face to face with the problem of fostering risk reduc-
tion measures that have broad appeal to stake-
holders as well as victims, researchers and risk

management professionals. Geoscientists and engi-
neers can contribute to an improved understanding
of risk assessment, mitigation and management.

A proactive approach to risk management is
instrumental for reducing significantly loss of lives
and material damage associated natural hazards.
The major natural disasters that have taken place
over the last 5-10 years and received wide media
attention, have clearly changed people’s mind in
terms of acknowledging risk management as an
alternative to emergency management.

One can observe a positive trend internationally
where preventive measures are increasingly recog-
nized, both on the government level and among inter-
national donors. There is, however, a great need for
intensified efforts, because the risk associated with
natural disasters clearly increases far more rapidly
than the efforts made to reduce this risk.

Kjekstad (2007) suggested an approach based on
three pillars for landslide risk management for
developing countries:

Pillar 1: Hazard and Risk Assessment

Hazard and risk assessment are the central pillar
in the management of geohazards risk. Without
knowledge and characteristics of hazard and risk,
it would not be meaningful to plan and implement
mitigation measures.

Pillar 2: Landslide Mitigation Measures

Mitigation means implementing activities that
prevent or reduce the adverse effects of extreme
natural events. Mitigation includes structural and
non-structural measures and political, legal and
administrative measures. Mitigation also includes
efforts to influence the lifestyle and behaviour of
endangered population in order to reduce the risk.
Many factors within human control that can help
minimize number of casualties, such as knowledge-
able population, effective early warning system and
constructions built with disasters in mind.

Pillar 3: International Cooperation and Support
Most of the developing countries lack the
resources, capacity and technical skills to proceed
with geohazards risk reduction measures at a pace
that is desired and needed. International coopera-
tion and support are therefore highly desirable. The
development agencies of the United States
(USAID), Canada (CIDA), Japan (JICA), Ger-
many (GTZ/BGR), Switzerland (CONSUDE and
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SDC), Sweden (SIDA), Norway (NORAD/Minis-
try of Foreign Affairs), UK (DIFID), the Nether-
lands (SNV), Austria (ADA), and Australia
(AusAid), as well as many NGOs, support projects
related to the mitigation of risk due to natural
hazards in developing countries.

A key challenge for 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 implemen-
tation period often differ in time. There is also the
need to secure ownership of the project in the coun-
try receiving assistance.

A milestone in international collaboration for
natural disaster risk reduction was the approval
of the “Hyogo Framework for Action 2005-2015:
Building the Resilience of Nations and Communities
to Disasters” (ISDR 2005). This document, which was
approved by 165 UN countries during the World
Conference on Disaster Reduction in Kobe, January
2005, clarifies international working modes, respon-
sibilities and priority actions for the coming 10 years.

The Hyogo Framework of Action has increased
the awareness and importance of preventive and
mitigation measures. It will also contribute to a
much better practice for the implementation of risk
reduction projects for two reasons: (a) by the fact
that governments will be in the driving seat, which
means that coordination is likely to be improved, and
(b) the fact that ISDR is given the responsibility for
the follow-up of the plan will put pressure for action
from countries that are most exposed.

Reducing the impact of landslide with mitiga-
tion measures, is both an economical and social
necessity. Loss statistics show that number of
fatalities is much higher in developing countries
than in developed countries. The frequency of
landslide disasters is increasing due to more
extreme weather than before, increased population
and increased vulnerability. The situation calls for
intensified focus on and action to provide preven-
tive measures.
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Understanding to Predict

Luciano Picarelli

Abstract Today a significant effort is being spent in some advanced countries in
the world to develop reliable methods for landslide prediction and risk mitiga-
tion. The solution of such a problem requires a great experience and a deep
knowledge of soil behavior. In fact, only a clear understanding of the physical
and mechanical processes which lead to slope failure and of the processes which
govern following movement of soil or rock masses, can help in the setting up of
effective actions for risk mitigation. Based on the analysis and interpretation of
documented cases, the paper reports some examples of the strict relationship
which exists between soil properties or pore pressure regime, and landslide
mechanisms.

Keywords Soil behavior  Soil properties « Pore pressure regime ¢ Landslide

mechanisms ¢ Landslide mechanics

4.1 Foreword

The Renaissance was a turning point in the human
conception of science because of a radical change of
the scientific approach in the analysis of physical
natural and man-induced phenomena. The new
revolutionary approach adopted turned around
the role of experience as “mother of science”. In
fact, scientists started to think that only experience
can provide a real input in the development of every
theory. Previous conception of science essentially
based on the discussion and comparison of
abstract ideas was progressively abandoned and
experiments replaced previous erudite philosophi-
cal disquisitions. The great scientists of that time
and of subsequent centuries, Leonardo da Vinci,
Galileo Galilei, Isac Newton and so on, provided

Luciano Picarelli (<)
Seconda Universta di Napoli, Ttaly

extraordinary examples about the role that experi-
ence plays in the development of theory. In the
Leben des Galilei (Galilei’s Life), Bertoldt Brecht
imagines a funny discussion between the great
Italian scientist who tried to prove the validity of
the Copernican theory (the Earth revolves round
the Sun) and some professors of the Florence Uni-
versity who defended the old concept that is the
Sun which revolves round the Earth, based on
Aristotle’s ideas about the Universe and Holy
Writings. In spite of Galilei’s comic efforts, there
was no way of convincing them to watch the pla-
nets through his telescope which was under their
nose, because they firmly claimed to rely more in
their own ideas than in the tangible experience.
The experimental approach remains a milestone
of the modern science, even though there are still
researchers who, more or less as those Florentine
professors, trust more in their abstract theories than
in the richness of experience. Some of them do not
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care at all to check if their assumptions are validated
by experience, or even refuse experimental results if
these do not confirm their own theories!

Geotechnics is a branch of civil engineering
which is firmly founded on experience. Theoretical
concepts are developed and continuously improved
through a continuous analysis and interpretation of
experimental data; in turn, experiments are used to
validate the new theoretical concepts. A clear exam-
ple is the development of the Critical State Theory
(Schofield and Wroth, 1968), which is based on
evidence coming from laboratory testing on recon-
stituted saturated clay. Its extension to unsaturated
soils (Alonso et al., 1990), has been developed based
on laboratory experiments on unsaturated soil sam-
ples. Attempts for further extension to “structured”
soils (Nova, 1992) are based on experimental
remarks about the failures of theory in the interpre-
tation of the behaviour of “structured” soils.

Similar considerations apply to the case of
landslides. The understanding of the mechanics of
landslides has been a progressive attainment based
on site investigations and monitoring, and on
laboratory testing and physical modelling inter-
preted in the light of theoretical considerations as
well as of intuition based on experience.

These basic concepts inform the paper, which
reports some examples, taken from personal files
of the Writer, concerning the strict relationship
which exists between soil properties, pore pressure
regime and landslide mechanisms.

4.2 Organization of the Paper

Landslides represent one of the major natural
hazards in several countries of the world. In Italy
they involve very different geological and geomor-
phological contexts: the Alpine chain, where rock
falls, rock slides and rock avalanches are spread; the
Apennines chain, which is characterised by moder-
ate to rapid first-time slides and mudslides and by
slow active slides in highly fissured tectonized clay
shales; volcanic areas, where extremely rapid flow-
slides and debris flows involving pyroclastic soils
represent a permanent hazard (Picarelli et al.,
2008a). Because of the highly density of population,
of infrastructures, of industrial settlements as well

as of ancient monuments and remnants, the risk is
extremely high everywhere.

The paper reports some considerations about
prominent aspects of the causes and mechanisms
of landslides in Italy, with particular reference to
events which involve stiff fissured clays and pyro-
clastic soils. Some points concerning soil behaviour,
pore pressures and landslide mechanisms are dis-
cussed in order to demonstrate that only a clear
understanding of experience can provide a correct
assessment of slope behaviour and help in the estab-
lishment of criteria for risk mitigation.

4.3 The Role of Soil Properties
and Behavior on Landslide
Triggering

The measurement of soil properties is a fundamen-
tal phase of any geotechnical analysis, and espe-
cially of slope stability, because of the role of even
small details of soil behavior. In particular, there are
soils which present special features which require
appropriate consideration in both testing and data
interpretation. Some examples are reported below.

4.3.1 Shear Strength of Highly Fissured
Clay

The Apennines chain is constituted by a sequence of
thrust sheets including both flysch formations
which present a significant highly OC fine-grained
component (marly or clayey layers interbedded
between layers of competent rock) and thick depos-
its of hard clays or clay shales. These deposits are
highly fractured or completely disarranged because
of tectonism (Picarelli et al., 2002). In particular,
both the argillaceous component of flysch and clay
shale deposits display an intensely fissured fabric
provoked by shearing. In fact, the peculiar macro-
fabric of these material consists of shear lenses siz-
ing between some millimeters to a few centimeters,
bounded by smooth and shiny fissures (Fig. 4.1).
For this reason, these materials are called argille a
scaglie (scaly clay shales).

Picarelli et al. (1998) remark the peculiar beha-
vior of scaly clay shales whose performance is
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Fig. 4.1 Examples of highly
fissured tectonized clay
shales: (a) Red Flysch
outcropping in the Brindisi
di Montagna area; (b)
specimen of the Bisaccia clay
shale after rupture in a
triaxial test: the red thread
closely follows the slip
surface
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excellent when subjected to the weight of even large
and heavy structures, but is very poor as a response
to shallow or deep excavations. Also, slopes consti-
tuted by these materials are prone to landslides
whose velocity is generally moderate to slow. In
fact, broad sloping arecas of the Apennines chain
are highly unstable and can be exploited for civil
construction only after complex and costly stabili-
zation measures.

Figure 4.2, which reports the results of a
undrained triaxial test on the Bisaccia clay shale,
instrumented with local strain and pore pressure
microtransducers, can synthetically explain both
aspects of soil behavior. Figure 4.2a and b compare
measured local strains to nominal values obtained
through external measurements (“external strains”).
For external strain less than 0.05%, i.e. for a stress
level up to about 20%, the specimen displays a
“stiff” response (Fig. 4.2¢), and behaves quite uni-
formly, the local strain being less than the nominal
one. For stress levels higher than 20%, local read-
ings clearly show that a strain localization occurs in
the middle part of the specimen. Also the excess
pore pressure seems non uniform, as shown by the
comparison of readings in the middle part of the
specimen and at its base (Fig. 4.2¢); this phenom-
enon seems to happen as the external axial strain
reaches 0.8% (stress level higher than about 50%).
Despite a high nominal OCR (Fig. 4.3), the soil
behavior is ductile rather than brittle. The same
occurs in drained tests, which show a slightly brittle
behavior only for small confining stresses.

Figure 4.3 reports the failure envelope of the
Bisaccia clay shale obtained by drained and
undrained triaxial tests carried out on both recon-
stituted and undisturbed specimens. The natural
soil presents a non linear envelope: for a mean
effective stress less than 200 kPa its shear strength
is only slightly higher than the critical strength mea-
sured on reconstituted specimens, while it is signifi-
cantly less for a mean effective stress higher than
200 kPa. Such a result is in contrast with any theory,
especially when accounting for the nominal OCR of
the natural soil, shown in the figure. The only expla-
nation for that can be found in the role played by
the network of fissures.

Figures 4.1b and 4.2 can help to understand the
mechanisms of failure. As far as the state of stress
presents a small deviator component, the material

behaves as a stiff intact OC clay (Fig. 4.2a, b and c).
This is also shown by the results of isotropic and one
dimensional oedometer tests not reported here
(Picarelli et al., 1998). The soil response changes
for higher deviator stresses, since the local shear
strength is fully mobilized along fissures as shown
by strain localization. Soil failure manifests itself by
slipping along more or less aligned fissures bound-
ing the shear lenses (see Fig. 4.1b). As for rock joints
(Barton, 1976), the shear strength depends on a
basic friction angle which is operative along fissures
and is probably close to the residual value, and on a
dilation angle which is a function of the “roughness”
(the undulation) of the slip surface, i.e. of the
arrangement of shear lenses at the onset of rupture.
This explains the curved shear strength envelope. In
fact, for high confining stresses the dilation angle
decreases and the soil strength reduces to a value
which is less than the critical strength obtained on
reconstituted specimens, approaching the residual
strength.

The low shear strength, which is governed by the
distribution of fissures, can explain the high number
of landslides in scaly clay shales, as well as problems
encountered in tunneling (thickness of the plastic
ring). In addition, the ductile (or slightly brittle)
behavior of these materials can explain the fact
that the velocity of first-time slope movements is
generally rather slow or moderate (Leroueil et al.,
1996).

The same results discussed above can explain the
good performance of clay shales as foundation soils,
at least for a state stress well below the failure
envelope. In this case, in fact, the network of fissures
is not necessarily mobilized and the soil displays a
stiff response.

The same mechanisms govern the “ultimate” soil
behavior. In fact, Picarelli (2005) remarks that the
shape of the slip surface is not perfectly planar even
though very smooth. Treating once again the slip
surface as a discontinuity in rock, the residual fric-
tion angle should be equal to the basic friction
angle, i.e. the friction angle along a planar and
smooth surface, plus a “residual angle of rough-
ness” which depends on the “ultimate” shape of
the shear surface. Since the basic friction angle is
often very low, even a small value of the “residual
angle or roughness” can lead to relatively high
values of the residual friction angle. Similar
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Fig. 4.2 Results of a undrained traxial test on the Bisaccia clay
shale subjected to a confining stress of 400 kPa (Olivares, 1998):

considerations are reported by Lo Presti and Frojo
(2004) for soft rocks. This can explain why the
residual friction angle measured on reconstituted
specimens, whose surface of failure is probably
much more regular and closer to a planar smooth
surface, is often less than the one measured on
undisturbed specimens (Picarelli, 1980).
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The results of direct shear tests on undisturbed
specimens of a highly fissured clay characterized by
well aligned shear lenses can support these consid-
erations. In fact, the residual strength, which is
theoretically independent on soil fabric, is instead
highly anisotropics as shown by the comparison of
the results of tests on specimens prepared with shear
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Fig. 4.3 Shear strength
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lenses oriented in the same direction as shear, and
normally to it (Fig. 4.4). Since their basic friction
angle is the same, depending only on the index
properties and mineralogy, the anisotropy of the
residual strength must necessarily reflect a different
“residual angle of roughness”, which is a function of
the final arrangement of the shear lenses along the
shear surface.

1.0 Undisturbed specimens

= Displacements normal to shear lenses
o Displacements parallel to shear lenses

Reconstituted specimens
¢ Direct shear tests
O Ring shear tests
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Fig. 4.4 Residual strength of the Laviano highly fissured clay
shale (Picarelli, 1980)
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4.3.2 Deterioration of Stiff Clays and Clay
Shales

Experience suggests that slope failure, especially in
hard clays and clay shales, can occur without an
apparent cause. Since most of the landslides in
clay occur during the wet season, the most obvious
hypothesis about their trigger is the increase in pore
pressure provoked by rainfall. However, this is not
necessarily true.

As shown by Picarelli et al. (2004), in a given
climatic period both the annual rainfall regime and
pore pressures display recurrent features whose
seasonal trend roughly replicates every year. In
general, pore pressures fluctuate within the same
interval bounded by two extreme values attained
in the past, which usually are not reached in the
present climatic phase (Fig. 4.5a). Therefore, in
general the mean effective stresses, which follow a
similar path, do not reach the failure envelope (solid
line, in Fig. 4.5b). Therefore, the only mechanism
which can explain slope failure is soil deterioration,
i.e. a time-dependent decrease in strength (as by
dotted lines in Fig. 4.5b), acting in conjunction
with pore pressure increase. Often, deterioration is
a long-lasting process; in many cases, it has already
provoked a undetected damage somewhere in soil
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structure (point A in Figs. 4.5¢ and 4.5d). Slope fail-
ure is hence the result of a combination of soil dete-
rioration and pore pressure increase (Figs. 4.5b, c).

Deterioration is of little importance in granular
soils, being a relevant phenomenon in stiff OC fine-
grained soils which present some cohesion due to
bonding (true cohesion) or to a curved failure envel-
ope. The most important consequence of deteriora-
tion is a time-dependent loss of the extra-strength
due to bonding or overconsolidation which turns
brittle geomaterials into ductile soils.

Deterioration is induced by either mechanical or
physical-mechanical processes. Mechanical processes
are provoked by stress changes and associated volu-
metric or deviator plastic strains, and imply a change
in soil fabric and structure caused by breaking of
bonds and increase in the void ratio. Deterioration
induced by the increase in the void ratio is generally
called softening (Terzaghi, 1936); when provoked by
shear strains, it is called strain-softening (Bjerrum,
1967). Strain softening first provokes the formation
of short fissures (the minor shears), then the forma-
tion of a persistent slip surface.

According to Terzaghi, the fundamental factors
which govern softening are: (a) a stress decrease;
(b) the availability of free water; (¢) a fissured soil
fabric. In fact, softening typically involves cuttings
and slopes in highly fissured clay subjected to ero-
sion. Fissures can play a significant role since they

make easier and faster the ingress of water upon
unloading, enabling a rapid water content increase
through swelling of intact clay adjacent to fissures.

Based on the results of 1D compression tests on
high plastic clays (Fig. 4.6), Leroueil and Vaughan
(1990) suggest that their high swelling is a result of
destructuration, i.e. of breaking of bonds occurred
during compression. Based on data on the London
clay, they suggest that destructuration can occur
also during swelling. A similar behaviour has been
shown by other highly plastic clays outcropping in
U.S. and in central America and by highly plastic
clay shales in Italy (Bilotta et al., 1985), but is not
necessarily provoked by destructuration by com-
pression or swelling.
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Fig. 4.6 Results of a one-dimensional compression test on
the Culebra clay shale (Banks et al., 1975)
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Figure 4.7a shows the results of conventional direct
shear tests on highly plastic marine Bisaccia clay shale
run, as usual, in a bath of distilled water under a
normal stress less than the overconsolidation pressure.
Figure 4.7b shows the results of further tests per-
formed after a stage of swelling in the same shear box
under a normal stress of 10 kPa, and a successive stage
of consolidation under the established normal stress
which falls in the same range of values adopted in
previous case. A comparison between the two figures
shows that pre-swelling determines a radical change of
soil behaviour, that becomes contractive and ductile
leading to a significant shear strength decrease.

Figure 4.8 shows the results of conventional tests
conducted under a normal stress lower than the
swelling pressure (around 0.6 MPa). While a part
of the specimens were allowed to swell, as usual, for
48 h, others were sheared only after 10-100 days,
during which they experienced a high volumetric
strain. The difference in shear strength is very clear.

All data show that swelling in distilled water, as
usual in the laboratory, is responsible for a radical
change in soil behaviour. In addition, Fig. 4.8 shows
that the effect of swelling is higher if secondary
swelling is allowed.

Starting from works carried out by Di Maio
(1996a, b), Picarelli et al. (1998) assume that such a

peak strength decrease is caused by physical-chemical
processes due to exposure to and absorption of dis-
tilled water, and consequent changes of interparticle
forces due to the associated osmotic processes.

An impressive idea about the susceptibility of the
marine Bisaccia clay shale to pore liquid is sug-
gested by Fig. 4.9, which shows the dependence of
the liquidity limit on the molarity of a NaCl solution
used for testing. Such a solution is probably more
similar than distilled water to the natural pore
liquid. The liquidity limit obtained with distilled
water is about two times the one obtained with
NaCl solution, regardless its molarity.

&
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o Swelling : 2 days
o Swelling : 10-100 days

[=]
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Fig. 4.8 Results of direct shear tests on the Bisaccia clay
shale for normal stresses lower than the swelling pressure
and after a different swelling time (Picarelli, 1986)
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Fig. 4.9 Dependence of the liquidity limit of the Bisaccia clay
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Figure 4.10 reports the results of triaxial tests
executed by Di Maio and Onorati (2000) on recon-
stituted normally consolidated specimens obtained
by mixing powdered clay with distilled water and
with a 1 M NaCl solution. It suggests that the fric-
tion angle at constant volume (i.e. the critical fric-
tion angle) can strongly depend on the nature of the
pore liquid. Similar data feature the residual friction
angle (Di Maio, 1996D).

These data suggest that any variation of the nat-
ural environment can cause a change of the field soil
behaviour. An example of the possible effects of
infiltration of fresh water in a natural deposit
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Fig. 4.10 Comparison of the failure envelopes of reconsti-
tuted Bisaccia clay mixed with distilled water and with a
NaCl solution (from Di Maio and Onorati, 2000)

subjected to swelling is shown in Fig. 4.11, which
reports the results of oedometer tests carried out on
two couples of undisturbed specimens of the Bisac-
cia clay shale taken respectively at a depth of 2.5
(Cl)and of 21 m (C5bis). A specimen of each couple
was tested in a bath of distilled water; the other one
was tested in a | M NaCl solution. The influence of
the nature of the bath does not appear significant in
the stage of compression, when the pore water is
expelled from the specimen, but becomes prominent
in the following stage of swelling, when some liquid
is absorbed from the bath: in fact, the specimens
tested in distilled water (and especially the one taken
at the greatest depth) display higher strains than
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Fig. 4.11 Results of oedometer tests on undisturbed specimens exposed to different liquids (from Picarelli et al., 1998)



72

L. Picarelli

those tested in the solution. A the end of the tests
performed in the NaCl solution, when the axial
stress was 10 kPa, the solution was substituted
with distilled water, giving immediately rise to
further strong soil deformation.

These observations can justify the results of
direct shear tests: primary and secondary swelling
in distilled water provoke a chemical exchange
between the distilled water and the natural pore
liquid, an increase of the void ratio and a change
of interparticle forces. As a consequence, also
intrinsic soil properties, as the compressibility and
swelling index or the critical and residual friction
angle, change. In addition, also the general soil
behaviour, that turns from dilative into contractive,
seems to change (Fig. 4.8). Both effects contribute
to a decrease of the shear strength. According to
these results, the high swelling index exhibited by
highly plastic clay shales whuich can be attributed
to destructuration (Fig. 4.6) could be simply an
effect of osmotic swelling.

Bearing on these results, it comes natural to
assume that shallow layers of highly plastic marine
OC clay subjected to swelling induced by erosion,
may experience a time-depending shear strength
decrease due to infiltration of fresh rain water
which presents a very different composition than
the natural pore liquid. This process can lead to
long-term slope failures. An example is provided
in Fig. 4.12 which shows some shallow landslides
(either slides or flows) occurring on a gentle slope
(Picarelli et al., 2006).

Fig. 4.12 Landslides occurring on gentle slopes in Bisaccia
clay shale

To further investigate on the properties of the
Bisaccia clay shale, a campaign of in situ tests was
carried out (Picarelli et al., 1998). The upper part of
the deposit is occupied by a slow active mudslide
whose thickness ranges between 3 and 6 m. The tests
were carried out through the mudslide body until the
underlying parent stable formation. Fig. 4.13 shows
the results of tests performed in two different points.
In both cases, the tip resistance in the mudslide body
is extremely small and does not show any clear trend
with depth, revealing more resistant zones due to the
presence of rock fragments or of lithorelicts of the
parent formation embedded in the debris. However,
since the cone penetrates into the cover of the stable
parent formation, the tip strength starts to increase
with depth. According to well known relationships
between the tip resistance and the undrained cohe-
sion, the minimum value of this last in the mudslide
body can be assessed in the range between 10 and
20 kPa, while in the cover of the parent formation it
reaches values of hundreds of kPa. The measurements
made with the environmental cone show that the
mudslide body is quite acid, having a pH less than 7,
with minimum values of 4-5. However, differently
from the tip resistance, the pH gradually increases
with depth even in the mudslide body. In strong con-
trast with the features of the uppermost remoulded
soils, the pH measured in the parent formation is
always higher than 7. These results could be an indi-
cation of the effects of fresh water infiltration in the
cover of the deposit.

Described phenomena of soil deterioration
caused by osmotic phenomena appear more likely
in highly plastic clay shales of marine origin than in
other formations.

4.3.3 Shear Strength of Air-Fall
Volcanic Ash

An extensive area around Naples is covered by
pyroclastic soils produced by the activity of volcanic
centers. These covers consist of volcanic ash,
pumices and scoriae: volcanic ash prevails. Their
grain size and fabric depend on the mechanisms of
deposition, i.e. by pyroclastic flow, surge or air-fall
(Picarelli et al., 2006). In spite of a significant fine-
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Fig. 4.13 Results of CPTU and environmental cone tests along two cross sections in a mudslide in the Bisaccia clay shale

(Picarelli et al., 1998)

grained component (up to 30-40% of silt), non
weathered volcanic ash is non-plastic because of
the absence of active minerals.

The most catastrophic landslides (flowslides and
debris flows) involve air-fall deposits which cover a
large part of the region, even at large distances from
the vents. These deposits are constituted by alter-
nating layers of cohesionless volcanic ash and
pumice. The void ratio of ash is very high, up to
values close to 4. Because of its high void ratio,
volcanic ash displays a ductile behavior in drained
triaxial tests. For the same reason, the soil displays a
small stiffness while the friction angle is quite high,
falling in the range 33-39°.

The “drained” ductility of soil is not consistent to
the mechanisms of landslides which are extremely
fast, reaching velocities up to a few tens of meters
per second. This suggests the occurrence of a drop
of the resisting force just after failure. Hence, as in
the case of landslides in highly fissured clay shales,
data provided by field experience conflict with the
virtual soil behavior based on usual laboratory

tests. As a matter of fact, volcanic ash shows a
radically different behavior in undrained tests.
In fact, just after the peak, the material displays a
drop of strength (brittle behavior) because of accu-
mulation of positive excess pore pressures caused by
the collapsible nature of soil associated with its open
fabric. As a significant additional peculiar feature,
the undrained peak strength of volcanic ash is gen-
erally mobilized before reaching the Steady State
Line (Lade and Pradel, 1990). This is attained only
after large strains, as a final stage of the post-peak
phase, suggesting that the mobilized strength in
undrained mechanisms of slope failure may be even
lower than the theoretical one calculated through the
Steady State Line. The envelopes of peak strength of
a volcanic ash for different initial void ratios
(Instability Lines) are shown in Fig. 4.14.

Therefore, differently from scaly clay shales which
display a quasi-ductile behavior in spite of their very
high overconsolidation ratio, very loose pyroclastic
ashes, display a rather brittle behavior in spite of
their very high void ratio. Therefore, while slope
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Fig.4.14 Instability Lines of a loose volcanic ash (Lampitiello,
2004)

movements in scaly clay shales generally are rather
slow slides, slope movements in loose volcanic ash
may be fast flowslides or debris flows. This point will
be resumed below, when the mechanics of flow-like
landslides in volcanic ash will be discussed in greater
detail.

4.4 The Role of Pore Pressure Regime
on Landslide Behavior

Pore pressures play a prominent role on the stabi-
lity of slopes: in unsaturated soils, any change in
the water content affects suction and the associated
apparent cohesion which has a great influence on
the stability of shallow sloping layers; in saturated
soils, any change in pore pressure affects the effec-
tive state of stress and the frictional component of
strength. In both cases, small changes in the pore
pressure regime can provoke significant slope
deformation or even failure.

Pore pressure changes are caused by precipitations,
by snow melting and by other special causes. The
thickness of soil which is affected by such phenomena
depends on its hydraulic conductivity (Kenney and
Lau, 1984); open cracks can be responsible for signifi-
cant effects even at high depth.

Experience shows the strict relationship existing
between pore pressures and slope behavior, including
the movement pattern of landslides. Some examples
are reported below.

4.4.1 Pore Pressure Fluctuations
and Influence on Movement
Patterns of Translational Slides
and Mudslides

A fundamental aspect of the mechanics of slow
active translational slides in clay is the presence at
their base of a continuous slip surface. During
movement downslope, the landslide body generally
experiences only small internal strains because most
of the movement which is measured at the ground
surface occurs along the slip surface. Since the shear
stress—shear displacement relationship along a slip
surface is ductile, no relevant acceleration is
expected for usual pore pressure fluctuations. Only
if a strong change of boundary conditions occurs
due to surcharges, excavations, earthquakes or
exceptional precipitation., a relevant acceleration
can take place. As a matter of fact, active slides in
clay are generally slow, presenting only small seaso-
nal variations in the displacement rate. This justifies
the idea that the displacement rate can be consid-
ered roughly constant and that only occasional
measurements are necessary to monitor the slope
behavior. However, the increasing use of automatic
instruments today allows to monitor with continu-
ity all the factors which affect the slope behavior
and to assess the role of even minor factors.

The Miscano mudslide is an example of long-
lasting slow active landslide in scaly clay shales
(Picarelli et al., 1999). The mudslide is presumably
in its late stage before a complete arrest: however,
the inclinometer readings indicate that a relatively
faster shallow mudslide is moving over the old land-
slide body (Fig. 4.15).

The local displacement rate ranges between about
0.01 and 2 mm/day. The relationship between the
displacement rate measured at the ground surface
by one of the inclinometers located in the accumula-
tion zone and pore pressure, is reported in Fig. 4.16.
In general, an increase in the displacement rate fol-
lows quite closely any increase in pore pressures, but
the relationship is not so clear because the readings
are not regular and continuous in time.

The mobilized residual strength varies with the
season. In fact, the friction angle which justifies a
safety factor equal to one assuming ¢’ =0, depends
on the pore pressure distribution. For the deepest
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Miscano Creek

Fig. 4.15 The Miscano mudslide and representative displacement profiles in the period 1993-2001

landslide it is comprised between about 15° and
17°. It is worth to mention that a couple of direct
shear tests carried out on reconstituted soil sam-
ples taken from the landslide body provided resi-
dual friction angles equal to 5° and 8°, which are
well below the operative values. Picarelli (2000)
mentions different possible explanations about
the inconsistency which often characterizes mea-
sured residual friction angles with respect to opera-
tive values:

— natural inhomogeneities of soil along the slip
surface;

— the curvature of the residual strength envelope at
low stresses;

— the influence of initial soil structure on the resi-
dual strength (which is often measured on recon-
stituted specimens);

— the influence of distilled water used in the labora-
tory on the residual strength of reconstitute spe-
cimens (Di Maio, 1996b);

— the real mechanism of slope movement which can
be affected by excess pore pressures induced dur-
ing movement or by more complex phenomena.

However, in the assumption of rigid-plastic body
which moves over a slip surface, Fig. 4.16 suggests
that the residual strength is rate-dependent. The rela-
tionship between the mobilized friction angle and the
average displacement rate along the slope is shown
in Fig. 4.17: the increase of the coefficient of friction
in the range of velocities comprised between 0.01 and
0.1 mm/day is around 4%, quite in a good agreement
with data provided by Skempton (1985) based on
laboratory tests. However, as discussed by Picarelli
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Fig. 4.16 Displacement rate—pore pressure relationship for the Miscano mudslide
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(2007), further elements besides viscosity, can explain
such a result.

Continuous monitoring by automatic instru-
ments can provide new and significant insights in
the understanding of the mechanics of landslides.

Figure 4.18 shows the Vallcebre slide, Spain,
a large translational landslide in stiff fissured clay,
and Fig. 4.19 the evolution of pore pressures (which
has been measured with standpipe piezometers).
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The figure shows that the pore pressure regime is
quite uniform in time, but presents sudden and
sharp increases. These cause an almost contempora-
neous acceleration of the slide, even though the aver-
age displacement rate over much longer time spans
remains relatively slow. Therefore, the real slope
behavior is completely different from the one which
is usually imagined, i.e. characterized by a relatively
constant displacement rate, since the real mechanism
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Fig. 4.18 The Vallcebre landslide (Corominas et al., 2005)
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Fig. 4.19 Pore pressures in 0
the Vallcebre landslide
(Corominas et al., 2005)
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is by intermittent stick-slip movement. Such a result
is very likely due to the presence of cracks in the
landslide body, which favor the rapid development
and subsequent drop of cleft pressures.

In some cases similar hydraulic conditions can
provoke a sudden slope failure. An example is pro-
vided by Picarelli and Viggiani (1988) who describe
a translational slide (the Melfi landslide, November,
1980) provoked by the reactivation of a quiescent
landslide body as a consequence of a 11 m high
excavation. The slope consists of alternating layers
of sandstone and marly clay, but its reactivated part
presents a chaotic structure (a complex melange of
sandstone elements and marly clay) as a consequence
of previous local movements. A plan of the landslide,
which covers 250 m in length with an average slope of
7°, is shown in Fig. 4.20. Accurate surveys carried
out after the event, showed the presence on the
ground surface of several transverse cracks,
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18-Dec-97
12-Feb-98
9-Apr-98
4-Jun-98
30-Jul-98
24-Sep-98

-
-

bounding single soil blocks having a length of a few
tens of metres in the direction of the slope. Even
though the cut was clearly the cause of the landslide,
only the presence of a quiescent landslide body can
explain the length of the mobilised soil body.

After the event, a campaign of geotechnical inves-
tigations including a number of boreholes and the
installation of standpipe piezometers (the series of
piezometers 1, 2, 3 ... shown in the Fig. 4.20) was
carried out.

According to the results of direct shear tests, the
residual strength of marly clay is quite high, being
characterised by a friction angle of 18-25°. Adopt-
ing such a value, the landslide, as a whole, can not
be explained even assuming the water table at the
ground surface (Picarelli and Viggiani, 1988). The
only way to justify the long landslide shown in
Fig. 4.20 is a failure mechanism as in Fig. 4.21,
characterised by the retrogressive mobilisation of
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Fig. 4.20 The Melfi landslide and piezometers installed in
the landslide area (Picarelli and Viggiani, 1988)

single blocks, having a length equal to the spacing
between cracks, driven by cleft pressures (Henkel,
1967). A simple analysis performed in the assump-
tion of cracks completely filled of water can validate
such a model.

The high cut was eventually stabilised by a huge
retaining structure constituted by large diameter
piles having a continuous concrete beam on the
top. Unfortunately no data about water levels
were collected after the stabilization measures. In
spite of such works, in February, 1984, during a very

Fig. 4.21 Failure
mechanism by retrogressive
mobilisation of soil blocks
driven by cleft pressures: the
figure shows a block at the
onset of failure due to water
pressure in a vertical crack

rainfall

J Lt

rainy winter, the landslide experienced a new full reac-
tivation: in fact, fresh lateral shears replicated the ones
recognised after previous event (Fig. 4.20), and once
again, a series of cracks were observed on the ground
surface; the retaining structure experienced a 1.5 m
displacement and extensive tensile fissuring.

After the new reactivation, further investigations
were carried out and a number of Casagrande
piezometers were installed (the piezometers 101,
102, 103 ...., in Fig. 4.20). During the investigation
drilling water was noted to raise to the ground sur-
face at some distance from the holes, confirming the
presence of open cracks in depth.

Figures 4.22 and 4.23 report some results of
manual readings of the water level carried out on
both series of piezometers as well as the rainfall
heights cumulated over time intervals of ten days.
Despite readings were not so frequent and regular,
all data show that any heavy rainfall provokes a fast
pore pressure increase followed by a rapid drop to a
value very close to the one recorded prior to the
rainfall: in addition, the peaks recorded by Casa-
grande cells appear sharper than those obtained by
standpipes, with water levels attaining higher
values. In two different dates (November, 1985,
and March, 1986), in some Casagrande piezometers
located in the middle part of the landslide, the water
level reached the top of the pipe flowing outside
(Fig. 4.23).

It is obvious that the difference in the response of
the two series of piezometers is due to their different
time-lag. In particular, both a relatively long time-
lag (as in the case of standpipes) and a too long time
interval between successive readings smooth the
peaks of pore pressures which presumably acts in
some parts of the slope. This suggests that piezo-
meter heads significantly higher than the ground
surface level could not have been recorded.

A double porosity model, accounting for inter-
connected fissures and cracks as a first set of

tension crack
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Fig. 4.22 Water level readings at standpipe piezometers (Picarelli and Viggiani, 1988)

“pores”, and voids between particles or aggregates
of particles as a second set, could reproduce the real
hydraulic situation much better than the classic
continuum porous model. In the double porosity

model, the gross permeability of the subsoil depends
on the first set of pores: in fact, through cracks, any
change of hydraulic boundary conditions can
rapidly propagate in the subsoil. The piezometer
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Fig. 4.23 Water level readings at the Casagrande piezometers no 101 (Picarelli and Viggiani, 1988)

heads which temporarily establish in the cracks
represent a boundary hydraulic condition for the
soil blocks. Because of the low permeability of
these, which present only pores of the second set,
the pore pressure equalization within the blocks is
slower, and probably in some cases the internal
hydraulic conditions cannot follow the continuous
changes occurring at the boundaries. According to
such an assumption, the fast peaks recorded by some
piezometers should represent the pressure heads act-
ing in the cracks, rarely those acting in the blocks.
The special role played by the hydraulic condi-
tions can justify also the second event. Bearing on an
accurate back analysis of the landslide accounting
for the presence of the retaining structure, Picarelli
and Viggiani (1988) argue that the presumed piezo-
meter head at the time of the second reactivation
(February, 1984) should have been about 3 m above

the ground surface. Despite the absence of data
regarding that period, this value can be justified
based on a statistical analysis of all available data
collected during subsequent monitoring, concerning
the relationship between measured piezometer levels
and cumulated rainfall heights over the last 90 days
prior to the measurement. In fact, through such an
analysis it can be demonstrated that the piezometer
level in the middle part of the landslide area at the
end of January, 1984, should have been more or less
the one (3 m above the ground surface) which has
been supposed to be responsible for the reactivation.
As a matter of fact, the cumulated rainfall height in
the time span comprised between November, 1983,
and January, 1984, has been the second highest
value recorded in the last sixty years.

Regarding the hydraulic conditions which allow
the establishment of so high “artesian” pore
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pressures, a fundamental role is certainly played by
the structure of the subsoil which favours seepage
along pervious paths due to the presence of the open
cracks as well as of sandy seams. Very likely, these
paths are locally interrupted by fine-grained mate-
rial (marly clay) because of the chaotic structure of
the lowermost part of the slope due to previous
landslide movement. Consequent changes in perme-
ability along the flow paths can favour high local
pore pressures.

A very different mechanism of sharp pore pres-
sure generation has been discussed by Comegna et al.
(2007) referring to some monitored mudslides in the
Basento Valley, Italy. Figure 4.24 reports the water
level measured in some Casagrande piezometers
installed in the area of the Masseria Marino mudslide
(Fig. 4.24a): the piezometer PA is located in the
alimentation area; PVIislocated in the accumulation
area; PIV is outside the landslide. Figures 4.24d, and
4.24e and f report the pore pressures measured
at PA, PIV and PVI showing quite regular pore
water fluctuations depending on the rainfall regime
(Fig. 4.24c). Such fluctuations can be reproduced
using a simple infiltration model accounting for the
real distribution of rainfall and a hydraulic soil con-
ductivity consistent with the results of laboratory
tests In contrast, the diagrams regarding the piezo-
meters P6 and P4 located in the track (Figs. 4.25a and
b) can not be directly associated with the precipita-
tions, being characterised by irregular changes
revealed by sharp peaks and sudden drops. In fact,
the same model which has been satisfactorily
adopted for the simulation of pore pressures can
not reproduce the values measured upslope or out-
side the landslide area. Also, the figure shows a delay
in the response of piezometer P4 with respect to
piezometer P6.

Even if these results resemble those described
for the Vallcebre and Melfi landslides, a different
hypothesis has been proposed. In fact, measured
pore pressures have been supposed to be a conse-
quence of undrained (or partially undrained) con-
ditions due to continuous stress changes within the
landslide body caused by movement. The drops in
pore pressure following the peak are hence the result
of rapid excess pore pressure dissipation due to the
strong piezometer gradients which exist in the land-
slide body. A simulation of such effects is reported
by Comegna et al. (2007).

4.4.2 The Mechanics of Flow-Like
Landslides in Saturated Soils

The generation of fast landslides is the result of the
establishment of an unbalanced force which causes
the acceleration of the soil mass (Leroueil et al.,
1996). The unbalanced force may be the result of
either a drop of the resisting force or of an increase
of the driving force. The drop of strength may
depend on the constitutive law of soil (cemented,
dense or highly OC brittle soil) or may be provoked
by a sudden pore pressure increase (undrained con-
dition) which essentially affects the frictional resis-
tance. Fast slope movements induced by excess pore
pressures are some flow-like landslides, such as
flowslides or mudslides.

According to several Authors, flowslides are
slope movements induced by liquefaction of soil
(Hungr et al., 2001). This is a well known phenom-
enon occurring in loose saturated granular soils,
such as sands or non plastic silts, due to the gen-
eration of high positive excess pore pressures
(Yamamuro and Lade, 1997). The requisite of full
saturation implies that flowslides typically involve
gentle submarine deposits or the slopes of tailing
dams. In contrast, steep natural slopes constituted
by sands or silts are generally unsaturated because
of their high saturated permeability which does not
allow the formation of an aquifer. In fact, the
steepness of such slopes whose angle can be much
higher than the friction angle, is due to the appar-
ent cohesion associated with suction. Therefore,
liquefaction should not to be a realistic triggering
mechanism of flow-like movements on steep slopes,
even though experience suggests that this is false. In
fact, the generation of positive excess pore pressures
has been certainly recognized as a trigger of flow-like
landslides on steep slopes in Japan, China, Italy and
other countries (Sladen et al., 1985; Sassa, 2000;
Olivares and Picarelli, 2006).

The mechanism of liquefaction has been clearly
described and proven through instrumented flume
tests by Wang and Sassa (2001), Olivares and
Damiano (2007) and other Authors. As a conse-
quence of rainfall, the water content progressively
increases and suction decreases until to slope fail-
ure. At failure, the soil can be either unsaturated or
fully saturated. This depends on both slope angle
and shear strength parameters: in the simple case
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Fig. 4.24 Water levels measured in the Masseria Marino
mudslide (Comegna et al., 2007): (a) plan of the landslide;

of infinite slope in uniform cohesionelss soil
(c’=0), full saturation at rupture can establish
only for slope angles less or equal to the friction
angle (Olivares and Damiano, 2007). However, if
the degree of saturation at failure is high enough, a
build up of excess pore pressures can take place,
provided that rupture or following movement is
rapid enough.

(b) section; (c¢) rainfall regime; (d), (e), (f) measured and
calculated water levels in the piezometers PA, PIV and PVI

These considerations enable to distinguish soil
deposits which can liquefy or not, as a consequence
of failure. In fact, if the slope is very steep, failure
takes place well before a complete soil saturation and
the landslide starts as a slide or a debris avalanche
(Hungretal.,2001), but not as a flowslide, i.e. the soil
does not liquefy unless this mechanism is provoked
by progressive failure in soil deposits located
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Fig. 4.25 Measured and calculated water levels in the piezometers P6 and P4 (Comegna et al., 2007)

downslope. This double hypothesis is visually
demonstrated by Fig. 4.26 which shows two land-
slides in similar materials (volcanic ash). The Quin-
dici event (Fig. 4.26a) was clearly a debris flow
caused by liquefaction demonstrated by the spread
of mud on the slope; the Monte Spina event was a
debris avalanche which stopped at the toe, saving
some buildings whose roofs are shown in the Fig.
4.26b. This naturally enables in the establishment of
advanced criteria for mapping the potential sources
of flowslides or of liquefied debris flow (Picarelli et
al., 2008D).

Different mechanisms of excess pore pressure
generation (undrained conditions) can be imagined,
as by volumetric collapse due to suction decrease,
by impacts (an example is provided by Cairo and
Dente, 2003) or by progressive failure. In the first
and second case, excess pore pressure building up is
the cause of slope failure: if the slope of the Instabil-
ity Line is less than that of the Critical State Line, a
relatively low strength may be mobilized depending
on the initial void ratio of soil (Fig. 4.14). Progres-
sive failure is a typical process of slope rupture in
brittle deposits subjected to an inhomogenous state
of stress. Progressive failure has been described by
Bjerrum (1967) thinking to drained loading condi-
tions, but no reason exists for not being possible
also in undrained conditions. It starts from the most
stressed parts of the slopes and spreads in the slope
because of the drop of strength due to induced
plastic strains and consequent redistribution of the
state of stress: therefore excess pore pressures can be
a result, not a cause of soil failure. As a consequence
of the drop of strength, the landslide takes the style
of an avalanche involving the deposits encountered
downslope along its travel. In some cases liquefac-
tion has been supposed to trigger a mechanism of

complete fluidization (Iverson, 1997; Musso and
Olivares, 2004): this means that the mass can move
downslope without any resistance at its base, attain-
ing a velocity of tens of metres per second.

Some clues about the development of the
undrained progressive failure can be found in the
results of instrumented flume and full-scale field
tests, which show a delayed development of excess
pore pressures in different parts of the slope as the
movement propagates (Olivares and Picarelli,
2006). This obviously means that the morphologi-
cal features of the slope can play some role. For
instance, in the case of concave slopes, which pre-
sent a decreasing angle from the top to the toe,
progressive failure could be a downslope process
starting from the steepest part of the slope and
triggering positive excess pore pressure in the soil
mass encountered along its path, as the movement
propagates. Aninverse mechanisms (i.e. a retrogres-
sive progressive failure) should provoke negative
excess pore pressures. As a matter of fact, some
flume tests reveal the triggering of either positive or
negative excess pore pressures as a function of the
mechanism of movement. An example is provided in
Fig. 4.27 which shows the mechanism of progressive
failure and the development of both positive and
negative excess pore pressures in different parts of
the same slope (Moriwaki et al., 2004).

Similar mechanisms as those discussed above
seem to be the cause of flow-like landslides in
fine-grained soils (Picarelli et al., 2008c), and jus-
tify their relatively high velocities (up to meters
per hour). Differently from flowslides, which are
characterized by a very fast dissipation of excess
pore pressures which favors a rapid arrest, in the
case of mudslides the consolidation process is very
slow because of the low permeability of soil.
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Fig. 4.26 The Quindici flowslide, 1998 (a) and the Monte
Spina debris avalanche, 2004 (b)

Consequently, the landslide can last tens of years
turning very slowly into a slide-like movement.
The different mechanisms of movement in the

very first phase of movement and in the last phase
are sketched in Fig. 4.28. This can explain the
different names given by American and English
researchers to flow-like landslides in fine-grained
soils: in fact, Americans call them earthflows
because of the style displayed in the early phase,
while English people call them mudslides, thinking
to the last phase in which a slip surface develops at
the base of the landslide body which roughly
moves as a stiff body.

Mechanisms causing excess pore pressures and
flow-like movements in fine-grained soils should
include (Pellegrino et al., 2004): (i) rapid accumulation
of debris discharged from the main or the secondary
scarps: excess pore pressures can build up in the same
debris under its own weight; (ii) stress increase induced
by surges travelling over the landslide bodys; (iii) stress
redistribution in the landslide body associated with
any restraint met during movement, as narrowing of
the main track or local variation of the slope of the
sliding surface; (iv) seismic loading.

Figure 4.29 shows the pore pressures which have
been measured in a part of the Masseria Marino
mudslide during a phase of acceleration. Such values
have been measured at a depth of 3 m. Since the
piezometer head reaches an elevation of about 3 m
above the ground surface, the pore pressure is cer-
tainly very close to the mean total stress, i.e. the
effective stress is close to zero and a sort of liquefac-
tion seems to take place. These considerations sug-
gest that the mechanisms of flowslides and mudslides
can be very close each other, even though the mobi-
lity of these landslides is rather different because of
the different dissipation of energy which can take
place in granular and in fine-grained materials.

4.4.3 Negative Pore Pressures as
a Constraint for Slope Movement

If the soil is saturated and dilative, or experiences a
reduction in the mean stress, negative excess pore
pressures may be triggered (undrained conditions)
inducing transient mean effective stresses higher
than in the long-term conditions. This mechanism
can delay the time of failure or act as a constraint for
induced movement, causing an opposite effect with
respect to the cases discussed above.
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Fig. 4.27 Results of a
full-scale instrumented flume
test in decomposed granite
(Moriwaki et al., 2004):

(a) instrumented model
slope; (b) displacements
measured at the ground
surface; (¢) pore pressure
measured within the soil
mass along the slope
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Fig. 4.28 Likely displacement profiles of a mudslide in the
very early and in the late stage of movement (Comegna and
Picarelli, 2005)

Literature is not rich of examples about such
mechanisms, besides the classical case of failure
of cuttings in clay (Skempton, 1977). However, con-
siderations based on numerical modelling have been
reported by Potts et al. (1997), showing that the
progressive failure in OC clay can be delayed by
negative excess pore pressures induced by failure.

A documented example about the role of nega-
tive excess pore pressures on slope movement is the
lateral spread investigated by Picarelli and Urciuoli
(1993) and Di Nocera et al. (1995) in a highly plastic
thick deposits of clay subjected to intense erosion.
As a consequence of continuous erosion, the defi-
cient pore pressure regime may be practically per-
manent acting as a constraint to movement. Similar
data about negative excess pore pressures induced

by erosion in a site of the American mid West are
reported by Neuzil (1993).

Finally, in previous section a clue as been shown
about regarding negative excess pore pressures
which can be induced in granular soils (Moriwacki
et al., 2005). Further data suggesting the same
mechanisms have been provided by Ochiai et al.
(2004) regarding a full-scale model test in decom-
posed granites. Naturally, in granular soils the
excess pore pressures rapidly equalize, and their
very transient existence assume an academic more
than a practical meaning.

4.5 Conclusions

Based on examples taken form experience, the
paper shows the strict relationship which relates
the soil properties and/or the pore pressure regime
on the mechanisms of landslides. As a consequence,
similar materials may display very different move-
ment patterns and conversely, in similar hydraulic
conditions, the soil properties can determine the
establishment of very different landslide types.
Naturally, this has a great engineering meaning
since the effects of landslides on the environment,
including man-made works, human activities and
heritage (i.e. the risk), strongly depend on their
size and movement patterns.
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Mechanics-Based Approach Toward
the Mitigation of Debris Flow Disasters

Tamotsu Takahashi

Abstract This paper, at first, emphasizes the research on the mitigation of debris
flow disasters is globally important and urgently needed by referring to Japanese
statistics and other countries’ recent cases. Then, introducing a chart describing
the process of decision-making in coping with debris flow disasters, the discus-
sion makes clear that debris flow mechanics play the core roll in decision-making.
In this context, the problems how to identify the debris flow prone ravines and
how to predict the onset of a debris flow in such a basin are discussed based on
the mechanical considerations. The fluid mechanical methods to determine a
standard design debris flow and to assess the hazards and the risks are outlined,
in which debris flows are classified in reference to the grain concentrations and
the predominant stresses in flows. The characteristics of debris flow are different
depending on the types thus classified, and the resistance and the erosion or the
deposition formulae applicable to each type debris flow are introduced. The
estimations of debris flow hydrograph and the hazardous area are given by
taking a particular debris flow case as an example. The performance design
problems of the grid-type debris flow checking dam are also discussed.

Keywords Decision-making « Debris flow prone ravine « Prediction of debris
flow »« Hazard assessment « Debris flow classification « Grid-type dam

5.1 Introduction

A typical debris flow, although there are other
types, is a mixture of water, mud and debris that
suddenly pushes ahead with a vanguard of huge,
jostling and roaring boulders. It has a quite fluidic
character as if it were comprised of a kind of con-
tinuous fluid. The origin of debris flow is usually on
a remote high mountain slope or in an ephemeral
steep gully and once it initiates it surges down very
fast sometimes swelling bigger and bigger by the

Tamotsu Takahashi (1<)
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entrainment of unstable gully bed material and/or
plenty of woody debris on the way and other times
deflating its peak discharge smaller and smaller by
the detrainment of its composition onto bed.
Because the source area is so distant and neverthe-
less the lead time from the onset to the flooding over
the downstream fan area where people are living is
so short, people can hardly notice the onset and
even when they become aware of onset by chance
they will be difficult to avoid the risk in a very short
time. The prediction or the identification of debris
flows is not an easy task, but an early warning and
the evacuation in advance would be the effective
measure to secure at least their lives provided there
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are no or only insufficient countermeasure struc-
tures in the basin. Therefore, research toward the
mitigation of debris flow disasters should focus on
the more reliable onset prediction in view of site and
time and also on the definite and not costly methods
to control the flow underway or to deflect before
flooding takes place.

The importance of research on the mitigation of
debris flow disasters can be understood by examin-
ing the Japanese statistics of casualties due to water
related hazards as depicted in Fig. 5.1. This figure
clearly shows the death toll has steadily decreased
year by year. Namely, between 1946 and 1959 the
total number of victims per annum often exceeded a
thousand but recently it is less than a hundred. The
long lasted war wasted the land, and making things
worse, violent typhoons hit one after another and
they caused severe flooding from the major rivers
and extensive storm surges at bay areas. The
improvement of major rivers and the afforestation
of bare mountains and hill slopes have lessened
large-scale flooding and they surely contributed to
decrease in the number of casualties, but the
improvement of minor rivers lags behind and the
development of slope land as residential area makes
the situation worse for the vulnerability to sediment
hazards. As Fig. 5.1 shows, before 1964, among the
victims due to total water related hazards, about
32% was due to sediment hazards but after 1965
this ratio has changed to about 50%. The term
“sediment hazards” includes those due to cliff

Death toll

failure, debris flow and comparatively large deep-
seated re-activated landslides. The Japanese statis-
tics of casualties does not separate the cause of
death into debris flow and deep-seated landslide.
By such statistics, after 1967, about 50% of total
casualties due to sediment hazards are due to debris
flow and landslide.

The tendency that the majority of casualties are
due to sediment hazards has become especially con-
spicuous recently. For example, in the case of
“Nagasaki disaster” in 1982, 75% of the total 299
casualties and in the “San-in disaster” in 1983, 90%
of the total 121 casualties were due to sediment
hazards. More recently, almost all the remarkable
disasters such as the “Gamaharazawa debris flow
disaster” in 1996 (14 people were killed); the “Har-
ihara River debris flow disaster” in 1997 (21 people
were killed); the “Hiroshima disaster” in 1999 (24
people were killed); and the “Minamata debris flow
disaster” in 2003 (19 people were killed) were sedi-
ment hazards.

The importance of sediment hazards is not lim-
ited to Japan. There are many countries exposed to
even worse conditions. In China, more than a hun-
dred prefectures and cities suffer from debris flow
disasters every year, and more than a hundred peo-
ple are killed and more than two billion yuan are
lost. As an example, in the disaster of 2002, 1,795
people died due to water related hazards and among
them 921 were due to sediment hazards like debris
flows (Kuang 2003). In Colombia in 1985, more
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than twenty thousand people were killed by the
lahars generated by the eruption of the Nevado del
Ruiz volcano and Armero City disappeared. In
Venezuela in 1999, the Caribbean cities were
attacked by large-scale debris flows and more than
twenty thousand people were killed. In Taiwan in
2001, a rainstorm associated with a typhoon gener-
ated many debris flows and killed 214 people. Many
debris flow disasters also occur in other countries
such as Nepal, Indonesia, the Philippines, Italy,
Switzerland, France, among others.

Recent global warming could bring very severe
debris flows due to the collapse of moraine dams
caused by the retreat of glaciers to Himalayan and
other high mountain range regions, and it could
bring the increment of number and intensity of
severe rainfalls; accordingly the frequency and the
magnitude of the rainfall induced debris flows may
increase.

Thus, the number of debris flow prone ravines
and communities vulnerable to debris flow disasters
are enormous distributing worldwide. The recent
urbanization encroaches onto dangerous sloping
lands and debris fans, and the tendency toward
global warming are making the situation worse.
Therefore, researches aiming at the mitigation of
debris flow disasters are very important and in
urgent need.

5.2 Decision-Making Against Debris
Flow Disasters and the Significance
of Research on Debris Flow
Mechanics

The reactions to a risk generally consist of avoid-
ance, mitigation, transference and toleration.
Which of these reactions among others is selected
would depend on the severity of disasters, the avail-
ability of controlling measures, cost and benefit
balance, possibility for replacement, human emo-
tions against disasters, etc. Majority of debris flow
disasters are cruel to kill people and completely
deprive of their properties but not overwhelming
as to oblige people to tolerate. Therefore, one
would think to avoid or mitigate the debris flow
disasters.

Figure 5.2 outlines the possible process of deci-
sion-making against debris flow disasters. Given an
objective area to think about, first the decision-
makers must recognize the attributes of the area
such as the items shown in the uppermost block.
The social, economic or environmental importance
of the area is the criterion to decide how much
anti-hazard investment would be reasonable. The
present state of land usage and the topographical
condition of the space of human activity make
the evaluation of risk’s distribution possible. The
geological, climatological, hydrological, morpholo-
gical, vegetational and geotechnical conditions of
the upstream river basin are the fundamental items
in the estimation of debris flow that will attack the
area, and the morphology of the river channel that
penetrates the area is necessary information for
the simulation of flooding and deposition within
the area. Whether the alternate site that enables to
relocate the things in the hazardous zone is available
or not is also essential information in the decision-
making.

Once the detailed attributes of the area as well
as those in the upstream river basin are known,
an objective debris flow to which magnitude the
importance of the area is reflected can be determined;
Importance of the area may be taken into considera-
tion in the decision of the return period of rainfall
that induces the design debris flow, namely, the more
important the area is the longer return period will be
adopted, so that the larger the magnitude of the
objective debris flow becomes. The objective debris
flow contains the information on the total volume,
peak discharge, solids concentration and particle size
distributions. Sometimes, several debris flows arising
in a period would become the target.

Three kinds of alternative plan are listed up by
the three blocks in Fig. 5.2 in a row. The left one
does not work directly on debris flow itself. It is an
issue concerning with statutes. The regulation of
land usage and the relocation are the substantial
measures to thoroughly avoid the hazards. Making
buildings and infrastructures anti-hazard cannot be
safe enough because a phenomenon larger than
supposition may occur. To cope with severe debris
flow only by insurance may be unrealistic because
debris flow often risks on human life and in such a
case the concerned government will be blamed if no
other measures are implemented.
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In Japan, the necessity of the regulation of land
development in potentially hazardous area had
been pointed out long before, but no laws to put
the regulation into effect existed, so that it had been
almost free to develop, although the designation of
debris flow prone ravines and their potentially
hazardous areas has commenced as early as 1977.
The number of debris flow prone ravines in 1977
was 62,272, but it increased year by year: in 1986,
70,434; in 1993, 79,318; and in 2002, 89,518. This
increment is partly due to the reassessment of the
survey, but it is mainly due to the encroachment of
inhabitants into potentially hazardous areas.
Unfortunately, the mere designation of hazardous
areas had not been influential. With the “Hiroshima
disaster” as a turning point, the “sediment disaster
prevention act” has been enforced since 2000. In the

Implementation

possible extremely hazardous areas designated by
this act, all the organized housing land development
is prohibited, and even a personal house building
that do not have adequate strength to resist sedi-
ment hazards is prohibited. Local government can
advise the inhabitants already inside that area to
move to a safer area. This act designates the hazar-
dous areas (not extremely hazardous) on the per-
iphery of the extremely hazardous areas and in these
areas local government is responsible to establish
the reliable warning and evacuation systems.

In parallel with the implement of the sediment
disaster prevention act, the designation of hazardous
areas has been reassessed. Namely, areas designated
so far are defined as category I, and the newly desig-
nated hazardous areas of categories II and III are
added. The category I has been designated under the
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criterion that more than five families or some kind of
public facilities such as school or administrative insti-
tution exist inside the area. Whereas, in the category
II areas less than five houses exist, and in the cate-
gory III areas no house exists at present, but if houses
were constructed, they may well meet disasters. The
total number of categories II and III ravines were
94,345 in 2002. These numbers of categories I to III
ravines are of course too many to be adequately
treated by the structural countermeasures (hard
countermeasures), hence the nonstructural counter-
measures (soft countermeasures) such as the regula-
tion of development and the evacuation just before
the onslaught of debris flow are important. This is
the reason why the sediment disaster prevention act
is enforced.

The second alternative plan shown in the middle
block of the row in Fig. 5.2 is the execution of so
called hard countermeasures in the upstream river
basin and/or on the periphery of objective protec-
tion area. Generally, the aims of hard countermea-
sures can be categorized as (1) prevention from
debris flow generation; (2) controlling it underway
to the extent harmless to protection area; and (3)
diverting it away from protection area. The meth-
ods fell into the category (1) may further be rami-
fied to the reduction of material that produce deb-
ris flow and the reduction of causative water
discharge. The former measures are comprised of
the preventive measures from slope failure and
land surface erosion such as planting trees on
bare slopes, the stabilization of sediment accumu-
lated on gully bed by such structures as groundsills
and bed girdles, and the removal of landslide dams.
The examples of latter measures are the drainage
works such as the excavation of tunnel to drain the
stored water upstream the landslide dam and the
setting of channel works on the debris accumula-
tion. The methods in the category (2) are the most
popular ones like the construction of check dams
and sand storage basin. Recently, the open-type
dams are paid attention for its sustainable storage
capacity and advantages in environmental point of
view. The structures in the category (3) are such as
channel works and training dykes. The aim of
channel works is not only to pass through debris
flow or flood flow safely but to prevent from the
erosion of objective protection area by the action
of channel widening and shifting.

The third alternative plan in Fig. 5.2 refers to the
so-called soft countermeasures. Because the early
warning and the evacuation to a safe refuge are
essential to survive a cruel debris flow, the necessary
lead time for evacuation should be secured and
moreover the warning should have high reliability.
The direct attack of debris flow has so strong power
that emergency fight is unrealistic except for against
the marginal flow after the main debris flow is
deposited.

Next step in decision-making is the assessment of
hazards. Under the situation of already existing
and/or newly established hard countermeasures, a
standard design debris flow that is more or less
moderated within the upstream river basin by the
effects of the hard countermeasures will attack the
objective protection area and cause various
hazards. Under the given topographical and land
use conditions, the range of flooding and sediment
deposition, and the distributions of deposit thick-
nesses and destructive powers must be obtained.
The newly established hard measures should have
the most effective performance under the smallest
cost, so one must have a method that enables the
quantitative performance design of structures such
as the most appropriate type of structures and
places to set them. The reliability of warning and
evacuation system will be enhanced after repeated
exercises. People will be motivated to evacuate only
if they think the warning is reliable. In this context,
hazard map should be correct and easy to
understand.

Then, the process of decision-making proceeds to
the step of risk prediction. Here, risk means the
damages to human lives and properties such as
houses, stores, factories, public institutions, infra-
structures, farms, etc. It must not be forgotten that
debris flow sometimes destroys invaluable thing
that cannot be recovered.

To reduce damages one of alternative plan or
combination of plans must be chosen. Each alter-
native plan needs cost, so the cost for a choice is
estimated, and considering the financial and the
other restraints, one priority plan is selected and
put into implementation.

Thorough preventive plan is seldom executed in
short period caused by various restraints, therefore,
usually some risks remain even after some plans are
implemented. The remaining risks should again be
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analyzed according to the procedure in Fig. 5.2, and
under an appropriate annual execution program the
safety level of objective area must be enhanced.

According to the discussion based on Fig. 5.2, it
is now understandable that the knowledge of debris
flow mechanics is indispensable, and what kind of
research is necessary becomes clear. If the mechan-
ism of debris flow initiation is unknown, one can
hardly collect necessary and adequate attributes in
the basin. The mere multiple regression analysis
using unnecessarily many and irrelevant basin prop-
erties can have no universality and even leads to
erroneous conclusions. Only a sound mechanical
model, in which the necessary and the adequate
attributable basin characters and rainfall character-
istics are incorporated, can determine a standard
designing debris flow whose hydrograph and other
characteristics are quantitatively defined. More-
over, the time of occurrence that is necessary for
decision-making can also be determined.

Thus, the objective debris flow or standard
design debris flow for the countermeasure planning,
which is brought about under the present state of
basin due to the influence of a standard design rain-
fall, is obtained by applying a mechanical model.
That objective debris flow will be moderated by
some already existing hard countermeasures and/
or by newly establishing them. Therefore, the per-
formance of various optional structures including
the effects of restoration of them must be assessed
by a mechanical model. Thus, a debris flow
deformed and moderated along the river channel
will come out to the objective area. Then, the
hazards on the area due to such a debris flow will
be assessed by the application of two-dimensional
flooding and deposition model. This hazard assess-
ment enables the discussion on the performance of
the planned soft-countermeasures; the delineation
of the zone in which residents are necessary to evac-
uate, the location of shelters and their necessary
capacity, the transmission system of evacuation
advise/order. The real time simulation of human
actions in evacuation coupled with debris flow
flooding will be helpful to enhance the reliability
of soft-countermeasure planning.

Hazard assessment model, especially that can
assess the distributions of destructive power inside
the objective area which may be most simply given
as a function of flow velocity multiplied by flow

depth, will be directly connected with the risk pre-
diction model. For example, the destructive power
distributions enable to assess the distributions of
house destructions, and the number of destroyed
houses would give the estimations of the loss of
human lives and monetary loss. The reliable models
necessitate very detailed simulation of flooding over
complicated house and road distributions on com-
plex topography.

The engineering designs of optional hard counter-
measure structures; the comparisons of the perfor-
mances between the alternative structures, the cost
evaluations to construct them, and the design of anti-
hazard buildings, are pure technical issue that is
connected with the mechanical models of debris flow.

Although the state-of-the-art in view of debris
flow mechanics is by no means complete, discus-
sions on various problems are now possible based
on mechanics, and by the refinement of this
approach the mitigation of debris flow disaster will
be accomplished.

5.3 Identification of Debris Flow Prone
Ravines and Prediction of Debris
Flow Onset Time

The mechanical causes of debris flow initiation can
be classified into three types: (1) the debris on gully
bed is eroded by the supply of water or landslide
material that is already diluted as thin as a liquid,
thereby the concentration of solids in the surface
flow becomes as dense as it can be and is called
debris flow; (2) the landslide block transforms into
debris flow while in motion by the effects of stored
water in the slid earth block or by the supply of
water from outside; (3) the collapse of a debris
dam. The debris flow initiation mechanism in cate-
gory (2), although the earth block should already be
water-saturated when landslide initiates, is the same
as to the initiation of landslide. Therefore, the dis-
cussion in this category is handed over elsewhere
(e.g. Takahashi 2007, Chigira 2007). From the
mechanical point of view, the debris flow initiation
process due to overtopping of a debris dam can be
considered similar to the first category, and that due
to collapse of the dam body is akin to the second
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category. Therefore, category (3) is also not dis-
cussed here because of limited space.

When it rains, some of the rain water will run off
through as well as over the surface of the debris bed
of a gully. If the bed slope is very steep, the debris
bed will slide as the level of seepage flow rises, but it
will not immediately turn into debris flow because
the quantity of water would be insufficient. How-
ever, attention should be paid, even on such a steep
slope bed, to that the surface water flow on unsatu-
rated stable bed can pick up and entrain particles
into flow and gradually develops to debris flow. If
the bed slope gradient is intermediate, the debris
bed will not slide before the seepage flow reaches
the surface of the bed. With an increment of the
runoff, the depth of the stream on the surface will
increase and the operating shear stress to the down-
stream direction due to the static weights of surface
water plus submerged debris bed will exceed the
resistance in the debris layer near the surface.
Accordingly, the upper part of that debris layer
will come loose and start moving and entrained
into flow as a so-called sediment gravity flow or
immature debris flow. The flow is able to continue
and develop to a (mature) debris flow in which
grains are dispersed throughout the depth as long
as the stream channel has an adequate slope gradi-
ent and plenty of sediment.

The mechanical consideration on the conditions
for such kinds of phenomena results in the debris
flow occurrence criteria as shown in Fig. 5.3. The
curves in the figure are, respectively;

Atan¢ + H,(1 + A2 tan? ¢ — H2)'/?

tan 6, = T2 (5.1
tanf =
Af, e (1-¢g?aF? + i)'
F gaF (1—c2g2a2F?)
(5.2)
1 + I'ig/;)Fo
tan ) = — " (1= g2k 21 F2 4 B2 ) 2 (5.3)

(1=c> g 25720y F?)

}
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Fig. 5.3 The occurrence criteria of debris flows and imma-
ture debris flows

where:
_ _Ci(o=p) _ :
A=cloprr  He = e
Fy=C.(oc—p)tang (5.4)
Fi=Ci(o—p)+p(1+£7")
Fy = Ci(o—p) + p(1 + hoa™")

C+ is the grain concentration by volume in the static
bed, p the density of fluid, o the grain density, /4, the
depth of the surface flow, a the thickness of the layer
that start moving, ~ a numerical coefficient near
unity, ¢ the internal friction angle, ¢ the cohesive
strength of the bed, and g is the acceleration due to
gravity.

Equation (5.1) gives the steepest slope; 6,, of a
stable bed in which the surface level of seepage flow
coincides with the bed surface. Equation (5.2) is
the relationship between the slope angle and the
thickness: a, which starts moving. The condition
for the occurrence of a sediment gravity flow; i.e.
the motion of particles is not due to the dynamic
force of flow but due to the static weight of the
water column, necessitates that ¢ should be at least
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larger than the diameter of the representative
particle of the bed; d. The curve in Fig. 5.3, which
shows Eq. (5.2), is generated under the condition
that ¢ = d. The domain of the occurrence of a
sediment gravity flow is, therefore, upper part of
this curve. However, even « is larger than d, if a is
considerably less than /i, the particles in motion
cannot disperse throughout the flow depth, but the
layer of particle motion is covered by a less densely
concentrated water flow; this type flow is called
immature debris flow. Therefore, the condition
for the occurrence of a debris flow should be «
> khy (k =~ 1). Because Eq. (5.3) is obtained by sub-
stituting a = xhy into Eq. (5.2), the domain of debris
flow occurrence in Fig. 5.3 corresponds with the
right-hand side of the curve generated by Eq. (5.3).
The slope 6; is the minimum slope angle necessary
for an immediate occurrence of debris flow, and it is
a constant when the bed is non-cohesive. The
domain between the curves for Egs. (5.2) and (5.3)
is that for the occurrence of immature debris flow.
Figure 5.3 is depicted for the conditions: ¢ = 500 Pa,
d = T7cmand ¢ = 45° (Case 1); ¢ = 500 Pa,d = 7cm
and ¢ = 37°(Case 2); ¢ = 500 Pa, d = 1 cm and
¢ =45° (Case 3); ¢ = 0 Pa and ¢ = 45° (Case 4);
and ¢ = 0 Pa and ¢ = 37° (Case 5). For the cases
¢ = 0 Pa, the curves are independent of particle
diameter. The other parameters are: Cx = 0.65,
D = 300cm, 0 = 2.65g/em’, p = 1.0 glem’, & = 1.
These values would be reasonable for many stony type
debris flows. Then, if the debris bed which mainly
consists of colluvium is thick, H- is negligibly small.
The domain of debris flow occurrence in Fig. 5.3
tends to move towards a steeper slope as ¢ increases
and to move towards a larger value of /hy/d as
¢ increases. This means the larger the value of ¢ and
¢, the more difficult the generation of debris flow
becomes. the surface flow depth exceeds the critical
ho/d value a debris flow occurs and the scale of flow
becomes large in comparison with the case of small ¢
value. Because ¢ value is very sensitive to shift the
debris flow arising domain, the estimation of ¢ in
the actual bed is important. Although the initiation
of debris flow becomes difficult if ¢ is large, once
Figure 5.3 also shows that the smaller the represen-
tative particle diameter is, under a certain cohesive
strength of the bed, the larger the relative depth of
overland flow; hy/d, should be to generate debris
flow. The absolute depth of overland flow to

generate debris flow is, however, not dependent
on particle diameter; if particle diameter is 1/7,
the critical relative depth to generate debris flow
becomes almost 7 times under a constant flow
depth.

It is clear from Fig. 5.3 that the flattest slope for
debris flow initiation is about 15 degree and the
minimum value of /y/d at that critical slope is, if
bed is non-cohesive, around 1. The /y/d value is,
however, not explicitly obtainable from rainfall
condition. Itis obtained knowing the water discharge
on the bed and applying an appropriate flow resis-
tance law. According to the experiments for the cases
of hg/d is nearly equal to 2 (Takahashi 1977), the
following formula is approximately satisfied:

(11())3 C](2)
—) =(0.14 ~ 0.125) "% (5.5)

d e

where ¢ is the water discharge per unit width. We
describe qo/(\/gTaB) as ¢«. Therefore, we can con-
clude that a stony debris flow will occur on a gully
bed steeper than about 15 degree when the surface
water flow satisfying g«>2 or ho/d > 1 appears.

Therefore, we can assess whether the objective
basin is debris flow prone or not by examining
whether the condition ¢«> 2 is satisfied under the
standard design rainfall within the sub-basins exist-
ing at upstream parts of the objective basin whose
channel bed slope is steeper than 15 degree. This
does not mean debris flow necessarily initiates from
this assessment point. As shown by the red broken
line representing Eq. (5.2) in Fig. 5.3, in the channel
steeper than 15 degree, debris flow can be generated
under smaller relative depth, so that debris flow
may or may not occur upstream of the assessment
point. The setting of assessment point at the flattest
point to give rise to debris flow is mainly for the sake
of simplicity, but larger basin area would have
chance to have larger discharge. If there is no chan-
nel reach steeper than 15 degree, no debris flow
except for immature debris flow can occur.

The debris flow routing coupled with flood run-
off analysis explained in the next chapter does not
use such a criterion but it will automatically obtain
the debris flow, the immature debris flow or the
flood flow hydrographs including these flow type
transitions depending on the nature of the basin.
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Therefore, this criterion will be useful to the pri-
mary selection of the debris flow prone ravines
among many other ravines. The guidelines of Japa-
nese Ministry of Land, Infrastructure and Trans-
port suggest, without referring to rainfall, that a
ravine having the area more than 5 ha at the asses-
sing point of which channel gradient upstream is
steeper than 15 degree, is debris flow prone. If
herein introduced mechanics-based method is
referred to, we can understand that this guideline
is equivalent to consider that the debris flow prone
ravine is the one whose representative bed particle
diameter is 6.3 cm or less and it produces debris flow
upstream the assessing point by the effective rainfall
of 75 mm/h. This result secems reasonable in com-
parison with many actual data.

The occurrence time of debris flow is the time on
which the critical condition to initiate debris flow;
q+ > 2, is satisfied at the assessment point. This
discharge under an arbitrary rainfall can be known
by the application of an appropriate flood runoff
analysis.

5.4 Debris Flow Routing in River
Channel and Debris Flow
Flooding on a Plane

5.4.1 The System of Governing Equations

The processes of debris flow deformation while in
development or deposition can be quantitatively
treated by the following well established system of
equations (Takahashi et al. 1992):

The x- (down valley) and y-wise (lateral) hori-
zontally two dimensional momentum conservation
equations of flow are respectively:

a‘Ix+a(MCIx) d(vqx)
ot ox dy

5.6
zp+h) T >0

= ghsin 0,y — ghcos By
Ox pr
Oqy  0(ugy) . d(vgy)
ot ox dy

5.7
Azp+h) Ty 7

= ghsin 0,0 — ghcos b
! ! dy PT

where ¢, =uh and g, = vh are the x- and y-compo-
nents of the flow flux; u and v are x- and y-compo-
nents of the depth-averaged velocity; ;.o and 6,
are x- and y-components of the angle of inclination
of the original bed surface; 15, and 1, are x- and
y-components of resistance to flow at the bottom,
respectively; z, the erosion or deposition thickness
of the bed; p the apparent density of debris flow; ¢
is time and / is the depth of flow.

The continuity equation of the total volume
(water plus solids) is given by:

Oh  dqx  9qy  [H{Cit+ (1=Ci)sp}+qm ; 120
ot ox oy i 2 i <0.
(5.8)

where i is erosion (>0) or deposition (<0) velocity;
sp, 18 the degree of saturation of the bed; and g, is the
water supply discharge from outside.

In the case of stony debris flow, the solids com-
ponent in the flow is divided into two fractions; a
coarse particle fraction whose particles are sus-
tained in the flow by the effect of inter-particle
collisions and a fine particle fraction whose particles
are suspended by turbulence in the interstitial fluid.
The continuity equations for coarse particle frac-
tion and that for fine particle fraction are given by
the following equations, respectively:

O(Crh) + 0(Crqx) n d(Crqy) _ {iC*L ;120
ot Ox Oy iCopr, 11 <0
(5.9)

8(1 — CL>/’Z 8(1 — CL)q;cCF 8(1 — CL)quF
+ +
ot Ox dy

il - Cpr)Cr 51 <0
(5.10)

where C; is the volume concentration of coarse
particle fraction in a pillar-shaped space in the
flow having a height /2 and a bottom area of unity;
Cris the volume concentration of the fine fraction
in the interstitial fluid; C+; and Cs are the coarse
and fine particle fractions in a volume of static bed,
respectively; and C«p; is the volume concentration
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of the coarse particle fraction in a newly produced
static bed when particles in flow are deposited.

In the case of turbulent muddy debris flow, all
solid components are treated as one component,
and the continuity equation for solids is given only
by Eq. (5.9) in which C; is replaced by C; the entire
solids concentration in flow.

In the case of viscous debris flow, solid fraction
cannot be separated from liquid fraction, and the
continuity equation is only Eq. (5.8).

The equation for bed surface elevation change is

o
Fh =0

5 (5.11)

The fundamental system of equations to route
debris flow is now prepared, but to carry out the
analysis the laws of resistance to flow and the ero-
sion and deposition velocity equations must be
given appropriately. If flow is unidirectional like
the one in a narrow gorge, the terms relating to
y-direction should be neglected, so that the analysis
is based on one-dimensional equations.

5.4.2 Laws of Resistance to Flow

The behaviors of debris flows are diversified
depending on the properties of solid material, solids
concentration, flow magnitude, river channel con-
ditions, etc., and they often change their sediment
transporting modes while in motion. The two-phase
models that consider the debris flow is comprised of
the mixture of two continuum media; fluid phase
and solid phase, are able to classify debris flows and
able to analyze the physics of respective flows.

If one considers the flow of a mixture of fluid
(plain water or muddy water loading highly concen-
trated fine sediment) and coarse particles, one will
easily speculate that coarse particles within the
entire depth of flow move in enduring contact pro-
vided the concentration of those particles are higher
than a threshold value but, if the concentration is
less than the threshold, particles move detached
each other dispersing in the entire depth or concen-
trated in a lower layer. The mechanism to sustain
coarse particles in the entire depth for the enduring
contact motion mode should be quasi-static

pressure acting between contacting particles; the
case of quasi-static debris flow regardless its velo-
city. For the dispersed flow mode, however, the
mechanisms are not unique but they are possibly
by frequent inter-particle collisions (stony debris
flow), by strong turbulent mixing (turbulent
muddy debris flow) and by the effect of the viscosity
of interstitial fluid (viscous debris flow).

Takahashi (2007), after the consideration on pre-
dominant stresses in flow in each mode, gives the
existence criteria of various motions of the mixture
of solids and fluid as shown in Fig. 5.4. The vertical
axis represents the mean coarse particle concentra-
tion in the flow. If coarse particles are not contained
in flow (at the lowest point on the vertical axis),
the flow is mere water or slurry flow. If, contrary,

C
A No motion or slide
c. Rigid
0.56 [ Quasi-static debris flow
Mot g contect Tsq/T %0
05 [~
TtlTlOO Dynamic debris flow

Muddy
Hybrid

Immature debris flow
Tsq/T=0

.~
~~
~~e
~
~~e
~~

T =total shear stress []

Tc =inter-paticle collision stress
T't =turbulent mixing stress

Tfq = shear stress due to the deformation of fluid

Tsq = Coulomb friction stress

Fig. 5.4 The existence criteria of various motions of the
mixture of solids and fluid
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particle concentration is very large in a granular
body, say larger than 0.56; according to Bagnold’s
examinations using a kind of natural beach sand
(Bagnold 1966), particle’s individual dislocation is
impossible and so it must be a rigid body, so that if
that body moves it should be sliding on the bed or
only a part in the body adjacent to the bed is lique-
fied as to act as a lubricant: the liquefied part should
have a particle concentration less than about 0.51
if the body is comprised of natural beach sand
(Bagnold 1966), nevertheless the mean particle con-
centration of the whole body is larger than 0.56.
Thus, the motions of the mixture as flow in mechan-
ical sense exist between these extreme cases.
Namely, they are individual particle transport (bed
load and suspended load; 0 < C < 0.02), immature
debris flow (0.02 < C < 0.2), dynamic debris flow
(0.2 < C <£0.5) and quasi-static debris flow (0.5 < C
< 0.6). The boundary C values indicated are for the
sake of reference only; they should depend on the
properties of mixture such as cohesion, grain shape
and the distribution of grain sizes.

Dynamic debris flow is a generic term for stony,
turbulent muddy, viscous and intermediate hybrid
debris flows and the territory of these constituents
are given on a triangular horizontal plane attached
perpendicularly to the vertical axis at a certain value
between 0.5 and 0.2 in Fig. 5.4. The three apexes of
that triangle represent that the inter-particle colli-
sion stress, the turbulent mixing stress and viscous
stress, respectively, account for 100% of the total
shearing stresses in flow. The three axes represent,
as attached to the respective axes in the bottom
triangle in Fig. 5.4, relative depth, Bagnold number
and Reynolds number. Herein, Bagnold number is
defined as the ratio of inertial grain stress 7. and
viscous shear stress T, and if Bagnold number is
large, the inertial grain stress predominates in flow.
Reynolds number represents, as is well known, the
relative predominance of the turbulent mixing stress
and viscous stress, and if Reynolds number is large,
flow is turbulent. Therefore, the region of large
Bagnold number and small relative depth is that
for stony debris flow; the region of small Bagnold
number and small Reynolds number is that for
viscous debris flow; the region of large Reynolds
number and large relative depth is that for turbulent
muddy debris flow; and the other intermediate area
is the region for hybrid debris flow.

Iverson and Denlinger (2001) and Pudasaini
et al. (2005) developed the depth-averaged flow the-
ories for quasi-static debris flow on a complex three-
dimensional field. In these theories volume fraction
of solid-phase among other input parameters has a
given constant value and they cannot treat the sedi-
ment entrainment by bed erosion or sediment
detrainment by deposition underway, nor explain
how such a highly concentrated flow is produced.
Herein, we do not discuss on the flow resistance law
of quasi-static debris flow.

In the case of stony debris flow (h/d; <20,
C; >0.2), the shear resistance at the bottom is well
described by the equation of motion based on a
Bagnold’s type dilatant fluid concept (Takahashi
1978) as following:

e &)™) e

(5.12)

- (@) ) ()

(5.13)

where d; is the representative diameter of large
particle fraction.

For an immature debris
C.<0.2):

flow (h/d, <20,

2
o = (2) <@> W2 (5.14)

0.49/ \ h

2
Tpy = ( Pr ) <@) W+ v? (5.15)

0.49/\ h

For a bed load transport (h/d; <20, C; <0.02),
we can apply the resistance law of plain water flow:

(5.16)

2
PTEN
Tpy = e uN u? +v?
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2
n
L

Toy = E

(5.17)

where 7 is Manning roughness coefficient, and p7in
this case is equal to p; the density of plain water.

There is a generalized theory for the flow char-
acteristics of all types of inertial debris flows; stony
debris flow, turbulent muddy debris flow (/i/
d; >30) and hybrid debris flow (30> //d; > 20)
(Takahashi 2007) and that theory gives the particu-
lar resistance formulae to turbulent muddy debris
flow, but herein for the sake of simplicity, for tur-
bulent muddy flow, we use the resistance formulae
same as those for bed load transport; (5.16) and
(5.17). The prin this case is, however, the apparent
density of the mixture of solids and fluid. If //d; is
very large, say, h/d; >500~1000, n has a nearly
equal value to that for plain water flow, but if //d;
is small (but larger than 30), it is far larger than that
for plain water flow.

For the case of viscous debris flow, Newtonian
fluid model is well applicable (Takahashi 2007) and
the resistance law can be described as following:

2
Thy :97,%u\/ u? + 2 (5.18)
prgh’ sin 0,
912
Thy = ——=——— v\ u> +12 (5.19)
prgh? sin 6,

where i, is the apparent viscosity of the mixture of
solids and fluid.

5.4.3 Erosion and Deposition Velocities

The bed is assumed to be eroded by the dynamic
action of the shear stress operating on the surface of
bed assigned by the interstitial fluid of the overlying
sediment-laden flow. This erosion process continues
as long as the entrained-solids concentration in the
flow is less than the equilibrium value. This conjec-
ture leads to the empirical equation

I = K(Ty = Tupe)\/ T/ P

(5.20)

where K is a numerical constant (0.06 was found
appropriate in a laboratory experiment for stony
debris flow using non-cohesive material); 1, is the
shear stress on the bed produced by the interstitial
fluid of the overlying sediment-laden flow; T+, { =1,
/(o-pp)gdL} and 1«4 are the non-dimensional shear
stress and non-dimensional critical shear stress,
respectively; and p,, is the density of interstitial flu-
id that contains fine particles. If T+, is smaller than
T+s, particles on the bed cannot be entrained into
flow. The shear stress T, would be equal to the dif-
ference between the operating shear stress and the
shear resistance on the bed, so that it is given as:

= {(0 — pm)CL + pm}ghsinb

5.21
—(0 — pm)ghCy cosOtan ¢ (5-21)

This equation means if C attains full growth as:

pmtanf

€1 =Cro = (0 — pm)(tan ¢ — tan )

(5.22)

T, becomes zero and particles can no longer be
entrained. Substitution of Eq. (5.21) into Eq. (5.20)
gives:

L ksl TP, (A0 a
Veh o “\tanf — 1

tan ¢ h
8 (tan& - 1> (Croc = CL)d_L

(5.23)

Note that on the bed steeper than 6, the value of
C; . obtained from Eq. (5.22) exceeds Cx and it
even surpasses the maximum possible compaction
value. But, experimental data reveal the maximum
concentration attained by the erosion of bed is
around 0.9C+«, and the cross-sectional mean velocity
can rather well be explained by the dilatant flow
model even if the quasi-static flow model may
seem appropriate. Therefore, on the bed steeper
than 6,, C; ., and C; in Eq. (5.23) must be replaced
by 0.9Cx and consequently i = 0.

On the bed flatter than 6, even if the flow is fully
developed, it is utmost immature debris flow, and in
such a case C; ., in Eq. (5.23) must be replaced by
the equilibrium concentration for immature debris
flow; Cyoo, which is:
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Cyoo = 6.7C% (5.24)

This equation is applicable only when Cj., has
a value less than C,., calculated by Eq. (5.22)
(Takahashi 1991).

Equation (5.23) was derived under the assump-
tion that the bed is not saturated with water. When
the bed is saturated, the dynamic shear stress pro-
duced by the sediment-laden flow on the bed is
transmitted deep into the bed, and an imbalance
between the operating shear stress and resisting
stress is produced within the bed. Thus, the surface
layer of the bed becomes unstable due to excess
operating stress and is easily entrained into flow.
Thus, the erosion velocity in the saturated bed con-
dition should be larger than in the unsaturated bed
condition in which erosion takes place only on
the surface in a manner like peeling off the
surface cover. The erosion velocity equation under
saturated bed condition was previously obtained
(Takahashi 1991). However, it is rather difficult to
know beforehand whether the bed is saturated or
not. Therefore, if a modification of the K value in
Eq. (5.23) is a good approximation, it would be
convenient because Eq. (5.23) becomes only one
necessary equation for bed erosion. Examination
of previous experimental data reveals if K=2.3 is
used instead of 0.06, Eq. (5.23) becomes a good
approximation of erosion velocity on saturated
bed (Takahashi 2006). Moreover, it is pointed out
that the actual gully bed rarely saturated up to the
surface (Suwa and Sawada 1994). If coarse particles
are surrounded by a matrix of cohesive fine mate-
rial, K value would become smaller than non-cohe-
sive case.

When the sediment-laden flow on the bed is tur-
bulent muddy flow and small particles comprise the
bed, the erosion velocity will be, similar to the case
of stony debris flow, a function of the difference
between the equilibrium concentration and the
actual solids concentration in flow. But, the rate of
particle entrainment would become large if upward
turbulent velocity of fluid greatly exceeds the set-
tling velocity of particles. Therefore, the erosion
velocity is anticipated having the following form:

Coy— C

i= K=

|, — w (5.25)

where K, is a numerical coefficient, C,, is the equili-
brium solids concentration, u« is the shear velocity
(=+/ghsin 0), w, is the settling velocity of particles.
In the case of turbulent muddy debris flow, no
separation into coarse and fine particle fraction is
considered, and the equilibrium concentration is
given theoretically, that is denser than that for
stony debris flow (Takahashi 2007). The applicabil-
ity of Eq. (5.25) and the appropriate value of K, are
not yet examined.

In the case of viscous debris flow, because flow is
laminar, the entrainment of particles on the surface
of bed, otherwise it is the fresh and very soft deposit
of preceded debris flow surges, would be difficult.
The viscous debris flow surges would possibly be
produced by the initiation of motion of the soaked
cohesive earth lumps or by the falling of soil mass
from side banks onto debris flow, thereby, the deb-
ris flow surge should be full freighting once pro-
duced and it flows without bed erosion only to be
deposited at the flattening area. Therefore, except
for the erosion of fresh debris flow deposit, the
consideration on erosion velocity formula would
not be practical. According to the observation in
the Jiangjia gully, China, the newly deposited bed
produced by the preceding surge seems to be
entirely reactivated and thoroughly removed and
entrained with the arrival of a new surge. The equi-
librium solids concentration in viscous debris flow
can be obtained by the concept of laminar disper-
sion (Takahashi et al. 2000), in which heavy parti-
cles are dispersed in flow by the effects of squeezing
flow within interstitial fluid.

Figure 5.5 puts together the equilibrium particle
concentrations versus slope in stony, stony imma-
ture, turbulent muddy, and viscous type debris
flows as well as sediment concentration in bed
load transport.

Provided a steady unidirectional debris flow is
flowing with neither erosion nor deposition, the
flow is in equilibrium state. In such a case, writing
the bed slope as 6,, the bed shear stress is given from
Eq. (5.6):

T, = prghsin g, (5.26)

If the flow is stony type, from Eq. (5.12), the
equilibrium mean velocity is given as:



102 T. Takahashi
Viscous debris flow amount as (d;/u)d,, the depositing velocity is given
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Fig. 5.5 Equilibrium particle concentrations versus slopes in
the various kinds of debris flow
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The discussion here means that the debris flow of
depth & can disperse particles with the mean con-
centration of C; if the mean velocity is larger than
u,. This, in turn, means that when a debris flow
freighting particles with the concentration of C,
comes out to the downstream channel whose slope
is flatter than 6,, the debris flow will be deposited on
the downstream channel. In fact, the debris flow will
have some more inertial motion after it approaches
the critical velocity to deposit and the deposition
will begin after the velocity becomes pju, in which p;
is a coefficient less than 1.0.

The amount of excess coarse particles at a posi-
tion in the flat channel reach is #/(C;—C; ) per unit
area. Describing the time necessary to deposit that

flow, the depositing velocity would be proportional
to the difference in concentrations between the equi-
librium one at the referring position and the one in
the coming out debris flow. But, herein, we consider
the case where the debris flow comes out to a nearly
horizontal place where almost all the particles con-
tained in the debris flow become the excess consti-
tuents. Then, the particle deposition would be due
to the gravitational particle settling, and if the
dynamic effect of flow is ignored, the sediment
volume that settles down onto the bed in a unit
time would be described as Cw,. Therefore, the
parameter that determines the depositing velocity
would be Cw,/C+. As long as the coming out debris
flow still has sufficient velocity to be able to carry
sediment with the concentration C, deposition will
not occur. Hence, if we write the critical velocity of
debris flow to commence deposition as u., by ana-
logy to the stony debris flow case, the depositing
velocity would be described as follows:

(= {—{1 ()

0 ;u¥ > u¥c

. * < *
S S 53

where u«. is the shear velocity corresponding to
u., and u+ and u. can be obtained by the energy
balance between energy production and dissipation
(Takahashi 2007).
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Although viscous debris flow can transport
highly concentrated sediment, the flow that is fully
developed on a very steep channel upstream must be
overloaded when it comes down to a flatter reach,
where the shearing velocity becomes too small to
disperse coarse particles and the coarse particles
unified with the interstitial fluid will stop. The
volume change of material before and just after
stoppage is negligibly small.

Writing the equilibrium coarse particle concentra-
tion for the depth / in the reach under consideration
as C,, and assuming a uniform solids concentration
throughout the entire depth, the excess load per unit
area that cannot be sustained by the particle disper-
sive pressure would be about (o—p7) (C—C,) ghcos 6.
This pressure causes the Coulomb friction force on
the bed. This force contributes to decelerate the deb-
ris flow and to make gradual deposition from the
lower to the upper layers in flow. If the depositing
volume originally has the velocity o, u (o, < 1) and it
linearly approaches zero in the depositing process,
the momentum conservation equation is given by
2apupr-i= (0 — pr)(C — Co)ghcosftan¢ (5.32)

The Newtonian fluid model for viscous debris
flow gives the mean flow velocity as:

prgh? sin §
U=

i (5.33)

Substituting Eq. (5.33) into Eq. (5.32), we obtain

3o~ pr)(C— C)tang
2ap,hp%tan 0

(5.34)

The deposit thus formed by the stoppage of a
viscous debris flow surge will again be activated
and mixed up with the following surge, and the
deposition and erosion processes are repeated.

5.4.4 Boundary Conditions

The upstream boundary condition for the debris
flow routing along river channel can be given as a
flood discharge hydrograph obtained after the

application of a suitable flood runoff analysis if no
landslide occurs.

The shallow landslide that often occurs synchro-
nously with the severest rainfall intensity tends to
contain sufficient water to be able to immediately
transform into a debris flow. In such a case, a debris
flow discharge hydrograph with given C;, Cr and
d; values would be estimated via a deliberate con-
sideration on the geological and the topographical
conditions of the hollow at the upstream end of the
basin that would produce landslide. Alternatively,
the whole volume of landslide may instantly be
melted down to a debris flow material and released
from the original slope all at once.

Some large scale landslides do not melt down at
once and gradually transform into debris flow while
they are moving in the river channel. This process
can also be analyzed (Takahashi 2007) but this is
beyond the scope of this paper.

The debris flow hydrograph and its character-
istics obtained after routing along the river chan-
nel becomes the upstream boundary conditions
for the calculation of two-dimensional flooding
process.

5.4.5 Application to the Horadani
Debris Flow

A debris flow occurred in the basin of a small
mountain ravine named Horadani in Tochio,
Gifu Prefecture, Japan at about 7:50 a.m. on 22
August 1979. The topography of the basin of the
Horadani Ravine is shown in Fig. 5.6. The altitude
at the outlet is 800 m and that at the highest point is
2,185 m, the vertical drop of 1,400 m is connected
by a very steep stem channel of 2,675 m long. The
basin area is 2.3 km?. The outlet of the ravine forms
a debris flow fan of 500 m wide and its longitudinal
gradient is about 9.5° on which Tochio is located.
The upstream end of the channel works that pene-
trated Tochio was at the fan top, and upstream of
the fan top it formed a wide torrent of 6-12° in
longitudinal gradient for about 500 m long within
which 11 check dams had been constructed and
they were destroyed and washed away by the debris
flow.



T. Takahashi

Gamata R/ ~
- = o o

500m _'

Fig. 5.6 Horadani basin in Tochio

The water supply discharge along the stem chan-
nel was calculated using the known “tank model”.
The debris flow was triggered by a shallow landslide
at the upstream end of the basin and it seemed to be
transformed into debris flow before plunging into
the channel bed. Therefore, as the boundary condi-
tion at the upstream end of the stem channel a
debris flow of ¢, = 40 m?/s per unit width was
supplied onto the channel bed for ten seconds
from 7:50 a.m., in which C; = 0.5 and Cr = 0
were assumed.

The one-dimensional debris flow routing along
the channel was conducted under the conditions:
dL =10 cm, Cs = 065, C*F = 02, C*L = C*DL
= 0.56, tan ¢ = 0.75, 0 = 2.65 g/em®, K = 0.05, 6,
= 0.0007, 6, = 0.1, p; = 0.33, the width of channel
is uniform 10 m and the thickness of deposit on the
channel bed D = 4 m. The degree of saturation of
the bed material is assumed to be 0.8 in the channel

reach steeper than 21° and 1.0 in the reach flatter
than 21°. In the reach of 500 m immediately
upstream of the fan top in which check dams were
installed the bed erosion is neglected (Takahashi
and Nakagawa 1991).

The debris flow hydrograph at the fan top
obtained by the routing of debris flow was used
as the boundary condition for the calculation
of the flooding and deposition in the fan area.
Figure 5.7 shows the aerial photograph of the deb-
ris flow and the time-varying distributions of the
surface stages (deposit thicknesses plus flow
depths) on the fan. At ten minutes after the onset
of the landslide (8:00 a.m.) the debris flow is just
commencing to overflow from the channel works
at the bend. At 8:05 a.m., the peak discharge has
just passed through the channel and plenty of sedi-
ment has deposited around the channel bend from
where sediment flooded mainly towards the left-
hand side bank area. At 8:10 a.m., the deposition in
the channel works develops further and the
increase in the deposit thickness in the left-hand
side bank area is evident. The deposition also pro-
ceeds in the right-hand side bank area especially
along the roads which incline downward from the
bank. By about 8:15 a.m. the debris flow discharge
has decreased considerably and the enlargement of
the debris flow deposition area has almost ceased.
In general, the distributions of the calculated
deposit thicknesses and the range of deposition
correspond rather well to the actual situation.
Therefore, we can conclude that this reproduction
by the calculation is satisfactory. It is remarkable
that the total substantial volume of deposit on the
fan is about 50,000 m?>, whereas the total substan-
tial volume of sediment supplied at the upstream
end of the channel is only 2,000 m*; the majority of
sediment is produced by the erosion of channel bed
in the upstream region. This result is proved by the
field exploration. This fact implies that the estima-
tion of the supplied debris flow volume or the
volume of landslide may not have significant
effects on the debris flow volume that runoff to
the fan area if the erosion process in the upstream
channel is important. To examine this conjecture,
the debris flow discharge supplied at the upstream
end was changed to 80 m?/s; i.e. twice the former
case, but the hydrograph of the debris flow at fan
top was similar to the former case.
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Fig.5.7 Aerial photo of Tochio fan, and the calculated time-
varying distributions of sediment deposit thicknesses

5.5 Debris Flow Control by a Grid-Type
Dam

The low concrete-wall type check dam (closed-type
sabo dam) has been a popular debris flow checking
structure. But, it is easily filled up by sediment that
is runoff by normal floods, and when a debris flow
comes down, it often fails to check or control them;
i.e. the closed-type sabo dam has a defect in the
sustainability of its function. Furthermore, the
stoppage of the sediment transport in the normal
flood period by the closed-type sabo dam that is not
yet filled up is said to be harmful to the ecosystem
downstream due to the stabilization of the stream
channels. Recent discussions of such defects have
attached importance to the methods that can check
the hazardous sediment but continually supply the
safe and necessary sediment downstream. Sabo
dams that have such functions are known as open-
type sabo dams. These have large openings in the
dam body through which the sediment runoff from
the normal flood flow passes but when a debris flow
occurs it works like a not yet filled up closed-type
sabo dam.

There are two kinds of open-type sabo dam. One
kind is the slit dam, or large conduit dam, which has
large openings in the dam body, but the ratio of the
total width of openings to the dam width is small so
as to guarantee that the backwater effects are gen-
erated when a debris flow or large flood flow occur.
Sediment is trapped behind (upstream) the dam due
to large reduction in the flow velocity, so that this
type dams may be suitable to check the turbulent
muddy-type or the viscous-type debris flows
because they are generally comprised of compara-
tively fine material. Another type is the grid-type
sabo dam, where the individual open space between
the pillars is normally less that the width of the
opening of the slit dam but the ratio of the total
open space to the dam width is large and virtually
no backwater effect occurs even in the case of debris
flow. For this type of dam, the sediment is checked
by the clogging of the openings by the pinching
stones. Therefore, this type dam is suitable to
check the stony-type debris flow where the bore
front is comprised of large boulders. Figure 5.8
shows this kind of dam installed in the Shiramizu-
dani ravine that originates from the Yakedake vol-
cano, and the lower photo shows from downstream
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Fig. 5.8 An example of a grid-type sabo dam, and the clog-
ging situation at front-row of the dam

the pinching stones that clog the space between the
steel pipes.

The empirical design criterion for the suitable spa-
cing between pipes is:

I/ dmax = 1.5 ~ 2.0
(5.35)

I,/dy > 2.0

where /; is the spacing between the pipes; dpay is the
diameter of the maximum size class particles accu-
mulation in the front of the debris flow; and d, is the
diameter of the maximum size class particles trans-
ported as bed load by a normal scale flood flow.

5.5.1 Blocking Probability of Grid-Type
Dam

According to the experiments, there are two types in
the blocking processes of grid. One is due to the

simultaneous arrival of two or more particles, and
the other is due to the arrival of particles while the
previously arrived one is rotationally moving
around and touching with a column. The rotational
motion of a particle around a column acts to narrow
the free space between that particle and the other
adjacent column and some occasions, depending on
the position and number of rotating particles, the
free space becomes too narrow to pass another
particle that arrives a little later than the rotating
ones. Thus, these already rotating and newly arrived
particles make an arch bridge between the two adja-
cent columns to block the space. This explanation
clearly shows the clogging proceeds stochastically.
If a particle collides with a column at an angle of
0, and begins the rotation around the column with
an angular velocity of w, the virtual diameter of the
column D_’ at time ¢; after the collision is given by:

D, = (D, +d)sin(0 +wt))+d  (5.36)

where D, is the diameter of the column and d is the
particle diameter. The angular velocity is given by a
modification of the angular momentum conserva-
tion equation as following (Takahashi et al. 2002):

w = 1.278(u,/d) sin § 4 0.094 (5.37)
where u), is the velocity of particle just before the
collision with the column.

Consider that i pieces of particles come down to
the grid plane during the period 7'; by random time
intervals 7;at random lateral positions y;. The velocity
of the particle and their concentration are constants.
When a particle collides with the column or with other
particles rotating around the column, the new virtual
column diameter D, is calculated, and then by com-
paring the length /;, and D,.’/2, we judge whether the
space between two adjacent columns is clogged or
not. Namely, i trials are done within the period 77,
and for each trial whether the spaces between col-
umns are clogged is checked. Thus, we can obtain
the clogging probability F,, in the period 77.

We need, however, in the computer simulation of
debris flow blockage, the instantaneous blocking
probability in a small time interval of Ar. If this
probability; P,, is assumed constant under constant
u, and C, the relationship between P, and F,, is
given by:
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Fig. 5.9 Calculated instantaneous blocking probabilities

Po=1—(1-F,)"" (5.38)
where n="T; /At

The calculated results of the instantaneous
blocking probability P, under the conditions //
dmax =1.6 is shown in Fig. 5.9. This figure evi-
dently shows that P, depends on both the particle
concentration and the approaching velocity of par-
ticles. The similar calculations under different //
dnax values reveal that the larger the value of [/
dmax, the smaller the blocking probability becomes.

5.5.2 Numerical Simulation of Debris
Flow Control by a Grid-Type Dam

We consider the case in which debris flow is gener-
ated by the occurrence of surface water flow or by
the supply of an already liquefied surface landslide
mass, and it bulks up downstream by the erosion of
a steeply deposited debris bed in a gully. The assess-
ment of the performance of the grid dam necessi-
tates the integration of the debris flow routing
model with the grid clogging model and the model
of rebounding deposition behind the dam. Because
the grid-type dam is installed expecting the blockage
of grid by the arch action between the large boulders

accumulating at the forefront of debris flow, the
debris flow routing model must be the one that
can predict the particle segregation processes during
flowing down the channel.

Herein, Takahashi and other’s debris flow rout-
ing method that considers the focusing of large
particles toward the forefront is used. In this
method, a single finite step in the numerical calcu-
lation is divided into two stages: In the first stage,
similar to the example of application for the
Horadani debris flow, a sediment bed composed
of a well-graded mixture is eroded by surface water
flow, thereby a debris flow is generated. In the
second stage, larger particles in the debris flow
move upward because of dispersive force produced
by the collision of particles and are then trans-
ported forward faster than smaller particles,
which remain in the lower part of the flow because
the velocity is slower in the lower layer. The
detailed explanation of the method can be found
in Takahashi et al. (1992).

The debris flow depositing process behind a grid
dam can be predicted by the application of the
mentioned clogging probability. However, that
clogging model did not consider the effect of the
horizontal bar that would become crucial if the
clearance between a horizontal bar and the surface
of deposit just upstream of the dam becomes less
than one particle diameter of the maximum size. To
take this effect into account, when the clearance
becomes smaller than the maximum diameter of
debris flow material, this clearance value is consid-
ered as the effective grid spacing alternative to the
previous effective spacing obtained by considering
only the vertical posts. Thus, if the spacing is judged
to be clogged in a time step, the bed level just
upstream of the dam is raised with the height
equal to the diameter of the largest particle and
the riverbed variation upstream of the dam that is
affected by the raised downstream bed height is then
calculated.

The numerical simulations to reproduce the phe-
nomena that appeared in the experiments are car-
ried out (Takahashi et al. 2002). The experiments
used a tilting flume 5 m long, 10 cm wide and 20 cm
deep with a slope of 18°. The water saturated experi-
mental material was laid in a stretch 1.5 m long and
10 cm deep within the upstream reach. The max-
imum and mean diameters of the material are 1 cm
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and 0.24 cm, respectively. At the downstream end of
the flume a prescribed kind of open-type sabo dam
was set. Then, a debris flow was generated by sup-
plying water at a rate of 300 cm?/s for 15s. A part of
the generated debris flow was checked by the dam
but a rest flowed out the flume. The effective width
of spacing between grids of dam was 1.6 cm.

The calculation was accomplished by setting
At=0.02s and Ax=10 cm. The particle sizes were
classified into five groups, and in each time step the
segregation of the particles were calculated together
with the debris flow characteristics such as dis-
charge, velocity, depth, and particle concentration,
particularly the concentration of the largest class
particles at the forefront. Then, the velocity and
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Fig. 5.10 Experimental and calculated bed levels behind the
dam at different times

the concentration of the maximum diameter class
particles were substituted into the clogging prob-
ability model and the instantaneous blocking prob-
ability was obtained under the condition »=1000
and Ar=0.02s. If this probability was larger than
an independently generated random number
between 0 and 1, the grid was considered to be
blocked. If the grid was judged blocked, the bed
level just upstream of the dam was raised with the
height equal to the diameter of the largest particle,
and the riverbed variation upstream of the dam was
calculated under the new bed level as the down-
stream boundary condition.

Figure 5.10 compares the longitudinal riverbed
level changes at 3.8, 9.8 and 15.8s after the first
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Fig. 5.11 Calculated and experimental hydrographs, cumu-
lative sediment runoff and sediment concentrations just
downstream of the dam
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clogging of the dam. Because the value of the ran-
dom number that gives the standard to judge
whether the dam is clogged changes depending on
the initially selected random number, the calcula-
tion was repeated ten times for each experimental
case. The dotted line shows the respective ten results
and the thick line is the average of these respective
calculations. As is clear in the figure, the calculated
results coincide well with the experiments.

Figure 5.11 compares the calculated debris flow
hydrographs, cumulative sediment runoff volumes,
and particle concentrations with the measured ones
at the downstream end of the flume.

From the results shown in Figs. 5.10 and 5.11 it can
be seen that blocking phenomena of a grid-type dam
and its effects downstream can be well reproduced by
the numerical simulations introduced herein.

5.5.3 Determination of the Optimum Grid
Spacing of a Grid-Type Sabo Dam

Consider that a grid-type sabo dam will be con-
structed at the position indicated in Fig. 5.12. The
dam will check debris flow if //d,.x 1s less than
1.5-2.0, the smaller that value the more surely the
dam will check the debris flow. But, if the value of
l/dyax 18 too small, then the dam framework will
have more members than it needs, and this is a
waste of money and materials. Moreover, the short
spacing will check the large particles and drifting
woods that runoff in a normal scale flood flow,
which results in the consumption of storing capacity
for the coming debris flow. If, on the other hand, the
largest size particles that rarely exist in the basin are
chosen to determine d,,,, the concentration of these
particles in the forefront of debris flow will be too
small to clog the spacing and the debris flow contain-
ing large boulders, even though the size is less than
predetermined d,,.c, may pass through the dam.
Consequently, the difference in debris flow control
efficiencies by setting dog and dys as dpax 1S experi-
mented by the numerical simulations and from that
we obtain a criterion to determine d,,,, in the design
of a grid dam. Herein, dyg and dys mean 90% and
95% of the particles are finer than the indicated
values, respectively.
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Fig. 5.12 The longitudinal profile of the river and the posi-
tion at which a grid dam will be installed

We assume that the riverbed material has the size
distributions as shown in Fig. 5.13. Particle size is
classified into fifteen groups, the maximum size is 4
m and the minimum size is 100 pm. Only one parti-
cle size group is considered to be the fine fraction,
i.e. 100 um, and the existence ratio of the maximum
size particles and the minimum size particles are 2%
and 10%, respectively. The value of dyg is 0.5 m and
the value of dys is 1 m. The riverbed comprised of
this material is assumed to be 5 m thick, however, in
the reach having a steeper slope than the angle of
repose of the material the bedrock is considered to
crop out and no deposit exists. In the calculation,
both //dyy and [/dys are set at 1.6; for Case 3 [ is
0.8 m and for Case 2 /;is 1.6 m.

The development of debris flow and the size
segregation within flow along the river channel are
calculated by the mentioned method, and for the
sake of simplicity, water is supplied only from the
upstream end by the hydrograph shown in Fig. 5.14.
The river width upstream of the dam site is 10 m and
that downstream of the dam site is 20 m, and the
dam width is 8 m.

Figure 5.15 shows the debris flow hydrographs
and sediment discharge graphs just downstream of
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Fig. 5.13 Particle size distributions in the riverbed
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Case 2 but no evident peak exists in Case 3. From
these results, it can be seen that choosing the spacing
corresponding to dyg; i.e. [;=0.8 m, will stop the
peak sediment discharge.

Figure 5.16 shows the cumulative sediment run-
offs and the mean diameters of runoff sediment just
downstream of the dam site. In Case 2, 35% of the
runoff sediment to the dam site was captured by the
dam, whereas in Case 3, 60% was captured. In Case 3,
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just downstream of the dam site
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Fig. 5.16 Cumulative sediment runoffs and mean diameters
just downstream of the dam site

because many large boulders were captured, the
mean particle size that passed through the dam was
smaller than that in Case 2.

These results clearly shows that if the position of
a possible installation of a grid dam is decided
beforehand, numerical simulations can give the
optimum spacing between frames.

5.5.4 Determination of the Optimal
Position to Install a Grid-Type Dam

Consider that the river channel has the longitudinal
profile as shown in Fig. 5.17. The riverbed material
is assumed to be the same as before and the spacing
between the frames in this time is predetermined.
Namely, the spacing is set to 0.8 m that is obtained
as the optimum corresponding to dog. The supplied
water from the upstream end will entrain the riv-
erbed sediment and a debris flow develops along the
channel. Because the degree of convergence of large
stones toward the forefront and the peak sediment
discharge depend on the distance of travel, the effi-
ciency of the dam to control debris flow will depend
on its location.
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Fig. 5.17 Longitudinal profile of the river channel and the
possible dam sites

The candidate sites for the installation of a grid
dam are set at a, b, ¢, and d whose distances from the
source are 1,500 m, 2,500 m, 3,500 m and 4,000 m,
respectively. A preparative calculation which pre-
dicts the situations of debris flow at the respective
positions is carried out. Figure 5.18 shows the
results of the calculation in which the peak sediment
discharges become larger toward the downstream
direction, but at the positions ¢ and d the peak
values are almost the same. Namely, the debris
flow has fully developed upstream of position c.

Hence, the numerical simulations for the case of
no dam (Case 1), the cases of installation at posi-
tions ¢ (Case 2), b (Case 3) and a (Case 4) are carried
out and the dam functions in the respective cases are
compared. The water discharge hydrograph sup-
plied at the upstream end is shown in Fig. 5.14.
The bed material is assumed to be laid 5 m thick.
The river width is set to 10 m from the source to
location d and that downstream is 20 m.

Figure 5.19 shows the hydrographs and sediment
discharge graphs immediately downstream of posi-
tion d in the respective cases. In comparison with
the case without a dam (Case 1), the peak rate is
reduced by a large amount. Case 2 has the biggest
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Fig. 5.18 Sediment discharge graphs at respective positions
under the condition of no dam installation
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Fig. 5.19 Hydrographs and sediment graphs at the position
d in the respective cases

reduction, then Case 3 and Case 4. In Case 2 the
peak discharge is reduced about 66%, but in Case 4
it is only reduced by 12%. A similar tendency is
found for the sediment discharge. The reason for
such a tendency is as follows: At position a, the
debris flow is still not sufficiently developed and
the degree of accumulation of large particles in the
forefront is low. Therefore, the dam is not easily
clogged and plenty of sediment associated with water
is passed through the dam. The flow thus passed
through the dam continues to develop to a debris
flow containing large boulders in front down to posi-
tion d. Hence, the hydrograph and sediment dis-
charge graph at position d in Case 4 are not much
different from those in Case 1. Whereas, if a grid dam
is set at position c, the debris flow has developed
before it reaches that position and it is easily checked
by the dam. Once the forefront is checked the suc-
ceeding debris flow will be deposited by the rebound-
ing deposition. Therefore, the debris flow and the
sediment discharges are greatly reduced at position d.
Figure 5.20 shows the cumulative sediment runoff
and the mean particle diameters in the flow immedi-
ately downstream of position d. The functions
described earlier are clearly shown in these figures.
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Fig. 5.20 Cumulative sediment runoffs and mean diameter
of particles in flow immediately downstream of position d

The above numerical simulations reveal that the
optimum position of grid dam installation is where
debris flow attains its most developed stage. By the
combination of these simulations for the selection
of the optimum position and for the determination
of the optimum spacing between frames, we can
design the most efficient dam structure and the
best place to install it.

5.6 Conclusions

In this paper, at first, Japanese statistics of casual-
ties due to water related hazards and recent world-
wide tendencies of major disasters were mentioned
to commonly understand that the debris flow is one
of the key factors in the disaster mitigation among
other sediment hazards problems. Then, introdu-
cing and analyzing a flowchart of the processes of
decision-making before the implementation of dis-
aster mitigation plans, this paper emphasized that
the mechanics-based approach is indispensable in
almost all the aspects of debris flow disaster miti-
gation activities; i.e. assessment, understanding,

prediction, control, and avoidance. As the typical
examples of mechanics-based approach, the method
to identify the debris flow prone ravines and the
method to predict the time of debris flow initiation
were discussed. Japanese authorized guidelines to
identify the debris flow prone ravines, although they
are simplified and take many empirical factors into
considerations, adopted the results of mentioned
mechanical considerations. Given the topographi-
cal and geotechnical conditions of the basin and the
hyetograph of severe rainfall, the mentioned
approach will be able to predict the onset of debris
flow identifying the location in the basin and the
time simultaneously.

The scale of debris flow that runoff from an
arbitrary basin is predicted via the routing along
the river channel by the application of fundamental
system of mechanical equations: the momentum
conservation equations, the mass conservation
equations, the erosion and deposition velocity equa-
tions, and the equation for bed surface elevation
change. The system of fundamental equations is
the same for any type debris flows but the resistance
to flow formulae, the erosion and deposition velo-
city formulae contained in the fundamental equa-
tions are different depending on the kinds of debris
flows; the stony debris flow, the turbulent muddy
type debris flow, and the viscous debris flow. The
existence criteria of these kinds of debris flows, the
resistance formulae, and the erosion and deposition
formulae for the respective debris flows were given.

The debris flow developed or declined in the
upstream river channel will runoff to the outlet of
the ravine and flood over the residential area caus-
ing disasters. The two-dimensional flooding and
depositing processes can also be analyzed by the
same fundamental system of equations to the one-
dimensional routing.

The Horadani debris flow was analyzed as an
example of application of the mechanical method.
The calculation revealed that if the bed material to
be eroded and entrained into debris flow suffi-
ciently exists, the erosion plays the major role to
determine the magnitude of debris flow and the
uncertainty in the estimation of debris flow trigger-
ing landslide volume does not affect much. The
numerical simulation of debris flow flooding pro-
cess using the proposed system of fundamental
equations adequately reproduced the phenomena.
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Thus, itis proved that the method is well applicable
to delineate the hazardous area, and moreover, to
assess the distributions of risks in an arbitrary
basin under an arbitrary rainfall condition.

The performance of a grid-type sabo dam was
taken up as a typical case in the design of the struc-
tural countermeasures in which the mechanics-
based method becomes a strong means. The method
to obtain the blocking probabilities of grid due to
runoff debris flow was given. The debris flow rout-
ing along the river channel, in which particle segre-
gations and the convergence of largest class stones
toward the forefront are taken into account, was
coupled with the grid blocking probabilities. This
method made possible to assess the debris volume
that is deposited behind the dam, the debris flow
hydrograph, the sediment discharge graph, and the
time varying mean diameters in flow that pass
through the dam. How this method is effectively
used was explained by taking the problems of the
decision of grid spacing and the decision of the
optimal location to install the dam as examples.
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Submarine Mass Movements and Their
Consequences: An Overview

6

Jacques Locat and Homa Lee

Abstract Submarine mass movements pose a threat to coastal communities and
infrastructures, both onshore and offshore. They can be found from the coastal
zone down onto the abyssal plain and can take place on slope angles as low as
0.5°. They can move at velocities up to 50 km/h and reach distances over
1000 km. Their volume can be enormous, as illustrated by the 2.5 x 10 km®
Storegga slide. Similar to their sub-aerial counterparts, submarine mass move-
ments can consist of soil or rock and can take the form of slides, spreads, flows,
topples or falls, but in addition they can develop into turbidity currents. Their
main consequences are linked either to the direct loss of material at the site where
the mass movement is initiated or along its path and to the generation of
tsunamis.

Keywords Submarine mass movements « Hazard « Extent « Tsunamis « Flows «

Mobility « Frequency « Magnitude

6.1 Introduction

Submarine mass movements and their consequences
have been reported for many years, starting with the
work of Heezen and Ewing in 1952 on the Grand
Banks slide and tsunami. A recent overview by Lee
et al. (2007a) describes the historical development of
the field of submarine mass movements illustrating
that this field has grown as a result of the search for
resources, the development of communication net-
works and the need to better protect coastal commu-
nities against direct or indirect impacts of submarine
mass movements, including tsunamis.

Jacques Locat (D<)
Laboratoire d’études sur les risques naturels (LERN),
Université Laval, Quebec City, QC, Canada

Homa Lee
United States Geological Survey, Menlo Park, USA

Since 2000, a series of scientific meetings has
been organized to promote exchanges on the topic
of submarine mass movements and their conse-
quences. As of today, a total of three international
symposia has taken place: in 2003 in Nice (Locat
and Mienert 2003), in 2005 in Solso (Solheim
2006) and in 2007 in Santorini (Lykous et al. 2007a).
The next one will take place in Austin (Texas)
in November, 2009 (http://www.geohazards.no/
IGCP511/4th_international_symposium.htm). In
addition, regular sessions were organized at
annual meetings of the American Geolophysical
Union, at the European Geophysical Union and
at IGC congresses in 2004 in Florence, in 2008 in
Oslo. This has been achieved via the IUGS and
UNESCO funded IGCP-511 project on Submar-
ine mass movements and their consequences,
which, as of now, has about 150 active members
worldwide.
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Therefore, since year 2000, the field of submarine
mass movements and their consequences has
grown substantially, thanks to major international
projects like COSTA (Canals et al. 2004) and Euro-
STRATAFORM and also to the knowledge devel-
oped as part of the Storegga project for which some
of the major results have been published as a special
volume of Marine and Petroleum Geology (Solheim
et al. 2005).

In addition, the field of submarine mass move-
ments is now integrated in books related to mass
movements, e.g. for debris flows (Locat and Lee
2005), and for risk assessment (Nadim and Locat
2005). As a result of tsunamis generated by a sub-
marine mass movement, which was triggered by
an earthquake in Papua New Guinea (Tappin et
al. 2001), a renewed interest has grown in a topic
now called tsunamigenic landslides (Bardet et al.
2003).

This overview will present various images pro-
vided by swath bathymetry methods (often called
multibeam sonar). Multibeam techniques use an
acoustic signal emitted from a series of transmit-
ters mounted on the hull of a vessel. The greater
the number of transmitters and higher frequencies
will provide more precise bathymetric informa-
tion (Hughes Clarke et al. 1996; Locat et al.
1999). Reflection seismic surveys are often
coupled with multibeam surveys. This method
uses sound propagation in the water column and
in the sediment which is reflected to the surface
were it is recorded to generate a seismic profile
made of the various reflectors. These reflectors
may reflect either grain size or density changes
and are then interpreted to generate a so-called
seismo-stratigraphic profile. In most cases, bore-
holes are used in order to help validate the various
interpretations. Seismic surveys can be carried out
with a single geophone or a stream of geophones
to generate 2D profiles or with geophone arrays to
generate 3D profiles. The vertical resolution of
the seismic method is directly controlled by the
frequency which may range from les than 1 kHz to
12 kHz. An example of a 2D seismic profile is
shown below in Fig. 6.12.

In the following, we presents an overview of
recent developments in the field of submarine
mass movements and their consequences by

paying particular attention to: (1) extent and
diversity of submarine mass movements includ-
ing illustrations of consequences, (2) types and
processes: the role of energy, and (3) risk
assessment.

6.2 Extent and Diversity of Submarine
Mass Movements and Tsunamis

As indicated by Lee et al. (2007a), submarine land-
slides are not distributed uniformly over the
world’s oceans, but instead they tend to occur
commonly where there are thick bodies of soft
sediment (Fig. 6.1), where the slopes are steep,
and where the loads exerted by the environment
are high. The more reddish tone in Fig. 6.1 repre-
sents either a zone of significant deltaic accumula-
tion (e.g more than 10 000 m in the Gulf of Mexico)
or thick glacial sequences (e.g. off the eastern coast
of Canada). A compilation of landslide distribu-
tion for the North Atlantic has been given by
Hiinerbach and Masson (2004) and is shown in
Fig. 6.2. It agrees with the above statement that
submarine mass movements take place in all envir-
onmental settings, including along active or pas-
sive margins as shown below. One should consider
this figure as a very partial map. For example,
since the production of this map (Fig. 6.2) the
St. Lawrence estuary was mapped and more than
30 slides were counted in this region alone (Camp-
bell et al. 2008).

Without going into details here, the main trigger-
ing mechanisms are : seismic shaking, overloading,
gas hydrate dissolution and excess pore pressure
(coastal flow regime), wave loading, erosion and
human activities (e.g. coastal construction).

Subaqueous mass movements of various types
(Fig. 6.3) have now been found all around the
World, either in lakes, fjords, estuaries, the coast,
submarine canyons and along the continental slope.
Most frequent types are slides, spreads, and flows
and they can be all part of a single event! Turbidites,
identified in Fig. 6.3, are only found in a sub-
aqueous environment, but could be somewhat analo-
gous to powder snow avalanches (Norem et al. 1990).
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Fig. 6.1 Compilation of total sediment thickness for the main oceans (modified after Divins 2008)

Fig. 6.2 Overview map of
slope failures in the western
and eastern North Atlantic
including adjacent seas
(Mediterranean, Black Sea,
Baltic Seas), fjords of
Norway and eastern Canada
and failures in other limited/
confined areas. Each point
represents a single failure or
slope failure complex either
reported in literature or
supplied through project
partner data. In cases where
a landslide extends over a
larger area, the central
position between headwall
and toe of deposit is shown.
Contour lines of 1000 and
3000 m are shown in grey.
(source: Hiinerbach and
Masson 2004)
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Fig. 6.3 Types and
classification of submarine
mass movements (Locat and

Lee 2002)

6.2.1 Lakes

As recently shown by Mazzanti et al. (2007),
Guyard et al. (2007) and Lajeunesse et al. (2008),
the occurrence of subaqueous mass movements in
lakes is quite common. In most cases, failures are
triggered by earthquakes. Whenever the local mor-
phological settings permits, the local sedimentary
records of these events can be very well protected
(Guyard et al. 2007).

At least in one case, failures were related to
sediment loading produced by tailings accumula-
tion in the lake. This is illustrated in Fig. 6.4 show-
ing multibeam bathymetry images of the same part

Fig. 6.4 Oblique view of
portion of Wabush Lake
(Labrador, Canada) floor
showing the development
between 2004 and 2006 of
instability in the western side
of the lake along the flank of
an esker (snake-like feature).
The average width of the
field of view is about 500m.
Small white arrows (J)
represent position of step
like features likely related to
hydraulic jumps; black
arrows give the overall
sediment transport direction

Water depth (m)

Basic Types of
Mass Movements

|Turbidity Curren(sl

[Topples | |Spreads|

of the lake floor taken two years apart, i.e. in 2004
and 2006. Figure 6.4 1s a nice example of how newly
developed multibeam imagery techniques can be
used for slope instability monitoring. This images
show clearly that the few signs of instability along
the esker slope rapidly evolved into significant
mass wasting events leading to the transfer of tail-
ings to the deeper part of the lake. It is interesting
here to question the role of the esker (typically a
stratified sand/gravel fluvio-glacial deposit) as it
may act as a drain for the overlying aggrading
delta thus discharging at the toe of the slope
which results in some local instability along its
flanks.

delta shoreline
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6.2.2 Fjords

Fjords with high sediment accumulation rates are
one of the environments most susceptible to failure,
both in terms of the proportional aerial extent of
deposits that can become involved in mass move-
ment and also in terms of the recurrence interval of
slope failures at a given location. Various sites have
recently been reported such as the Saguenay Fjord
(Levesque et al. 2006) where seismic shaking is the
main trigger and the Finneidfjord in Norway where
the triggering mechanism may be related to ground-
water flow and/or free gas (Longva et al. 2003).

A striking example is shown in Fig. 6.5 where
submarine failures caused by the magnitude 9.2
Alaska earthquake of 1964 generated tsunami waves
with runup as great as 52 m (Lee et al. 2007b). Recent
investigations have shown that a comparatively small
fjord-head delta failure mobilized into a much larger
debris flow that incorporated the full width of the
fjord and progressed most of the fjord’s length. Part
of a subaqueous moraine also collapsed sending large
(up to 40 m high) blocks across the fjord, generating
the largest tsunami waves.

6.2.3 Inland Seas, Estuaries and Deltas

Many inland seas have been investigated for various
types of mass movements and consequences. This is
particularly true for the eastern Mediterranean and

adjacent seas. In many cases, as with fjords, land-
slides will be triggered near deltas were sediments
are rapidly deposited and also where layering may
be more pronounced (i.e. potential planes of weak-
ness). Typical examples were reported by Lykousis
et al. (2007) for the Gulf of Corinth. In many cases,
these mass movements are known to have generated
tsunamis (see also Tinti et al. 2007)

In glaciated areas where the land has risen faster
than sea level, large terraces were cut and are now
exposed, e.g., along the St. Lawrence Estuary in
eastern Canada. There, recent multibeam surveys
have shown that numerous mass movement signa-
tures could be found and that some of them could be
linked to coastal instabilities (Cauchon-Voyer et al.
2008; Campbell et al. 2008). This is the case for the
Betsiamites (Fig. 6.6) area where submarine mass
movements have been clearly identified and dated
(Cauchon-Voyer et al. 2008) and for which some
may be associated with coastal events either recent
(year 1663) or much older, i.e. about 7000 years old.
The 1663 event is identify by the dashed line in
Fig. 6.6. The now exposed part of the old (may be
7000 years old) slide is shown on land and the
underwater part is more or less given by the two
major channels perpendicular to the estuary which
are separated by a more or less triangular apron.

Active river deltas are another likely site for slope
instability. Rivers contribute large quantities of
sediment to relatively localized areas on the conti-
nental margins. Depending upon a variety of envir-
onmental factors, including rate of sediment influx,
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Fig. 6.5 Multibeam imagery of Port Valdez (Alaska, U.S.A.)
showing landslide features discussed in the text. Labels around
margin of the fjord show the estimated tsunami wave heights

(runups) resulting from the 1964 earthquake (modified after
Lee et al. 2007b). Mass movements originated mostly from the
moraine, near the town of Shoup Bay, and fjord head delta
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Fig. 6.6 The Colombier/
Betsiamites slide complex
involving both coastal and
marine mass movements
along the north shore of the
St. Lawrence Estuary
(Québec, Canada) (from
Cauchon-Voyer et al. 2008
and Locat 2008)

wave and current activity, and the configuration of
the continental shelf and coastline, thick deltaic
deposits can accumulate fairly rapidly. These sedi-
ment wedges can become the locations of sediment
instability and landsliding. To create large, deep-
seated landslides, a thick deposit containing com-
paratively low-strength sediment or containing
layers which can be weakened is needed. Most of
the continental shelves were subaerially exposed

during the last glacial cycle, so most sediment on
the shelves from that time or before has been
eroded, desiccated or otherwise diagenetically
altered. Most sedimentation was diverted to the
continental slope where it is potentially unstable.
This appears to have been the case for the Nile
delta, as reported by Garziglia et al. (2007) and by
L’Heureux et al. (2007) for the Nidelv delta in
Norway.
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Fig. 6.7 The Currituck slide
morphology (U.S. Atlantic
coast) and 2D model. A
general view is shown in (b)
with enlargements in (a) and
(c). The location of the cross
section A-B is shown in (b).
Note that the cross section is
drawn without vertical
exageration. 1: secondary
debris flow path, 2: debris
accumulation, 3: secondary
failure surface, 4: debris
along the main path of the
flow. The lower panel
represent a cross section
along line A with the pink
and green colors
representing the two main
phases of the slide (source:
Locat et al. 2008, ten Brink
et al., 2007)

A spectacular example is shown in Fig. 6.7 for
the Currituck slide off the coast of South Carolina
(USA, ten Brink et al. 2007). The slide likely took
place at the time of low sea level (Prior et al. 1986).
This slide removed a total volume of about
165 km® from this section of the continental
slope. The departure zone still shows a very
clean surface that dips at 4° and is only covered
by a thin veneer of Holocene sediment. Multi-
beam bathymetric data suggest that this slide
took place along three different failure surfaces.
The morphology of the source area suggests that
the sediments were already at least normally con-
solidated at the time of failure. The slide debris
covers an area as much as 55 km wide that extends
180 km from the estimated toe of the original
slope. A back analysis of slide initiation indicates
that very high pore pressure, a strong earthquake,
or both, had to be generated to trigger slides on
such a low failure plane angle. The shape of the
failure plane, the fact that the surface is almost

clear of any debris, and a mobility analysis, all
support the argument that the slides took place
nearly simultaneously (ten Brink et al. 2007).
Potential causes for the generation of high pore
pressures could be seepage forces from coastal
aquifers, delta construction and related pore pres-
sure generation due to the local sediment loading,
gas hydrates, and earthquakes.

With a position so close to the shoreline, the
Currituck slide is believed to have generated a sig-
nificant tsunami with wave amplitude up to 25 min
the starting zone 16.5 min after slide initiation. The
damaging wave is shown to have reach the shore-
line within about 90 min with run up values at a
bout 5 m (Fig. 6.8, ten Brink et al. 2007). This
image also presents the geometric control of the
slide itself on the shape of the propagation front
going towards the shoreline and also the fact that
contrary to the wave going offshore, the onshore
wave gets some amplification as it progresses into
shallower waters.
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Fig. 6.8 Numerical simulation of the tsunami waves that could have been generated by the Currituck slide. (source: ten Brink

et al. 2007)

6.2.4 Canyons

Submarine canyon-fan systems serve as conduits for
passing large amounts of sediment from the conti-
nental shelf to the deep sea. The presence of exten-
sive, thick sediment fans and abyssal plains off the
coasts of many areas testifies to the importance of
mass-movement mechanisms associated with these
systems, which are capable of bringing sand-size
and even coarser particles to locations hundreds of
kilometres from shore. Landsliding appears to be an
element that allows the formation of massive sub-
marine fans. Landslides occur in submarine canyon
heads because they are often sediment sinks that
trap littoral drift and direct river-borne sediment.
Such rapidly deposited sediment is commonly
unstable leading to frequent failures (Sansoucy
et al. 2007).

Also, sediment gravity flows in the floors of the
canyons undercut the side banks leading to addi-
tional failures that may augment the original flows
as has been observed along the Monterey Canyon,

off Monterey in California (Fig. 6.9). This image
appears very similar to a sub-aerial canyon with
terraces cut into the slope, meanders, and secondary
slides. This figure also reveals the presence of intra-
canyon meanders suggesting the flow regime has
decreased since its initial inception. Many canyons
along the continental slopes have been formed at
the time of low sea level which reached a maximum
of —120 m about 21 000 years ago (Fleming et al. 1998;
Locat et al. 2003b).

Some canyons were formed in fairly hard sedi-
mentary rocks at the time of low sea level, e.g., the
Port Phillip Bay entrance canyon (called the Heads),
near Melbourne, Australia, which is a coral sanctu-
ary and where disposal of rock resulting from dred-
ging operations must be avoided (Edmunds et al.
2006). Notably, little is known about underwater
rockfall apart from the very premilinary modeling
of Beranger et al. (1998). Advances were recently
made by the work of Turmel and Locat (2008) who
have developed a numerical model that has been
compared to the one of Beranger et al. (1998).
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Fig. 6.9 Multibeam image
of the headward part of
Monterey marine Canyon
(California, U.S.A.) showing
canyon and intracanyon
meanders slump (modified
from Greene et al. 2002)
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Turmel and Locat (2008) propose a finite volume
approach to model the 2D rockfall behavior in a
Newtonian fluid, such as water or air. Turbulent
and incompressible flow around the moving rock is
solved using a pressure-velocity iterative method
on a dynamic 3D unstructured mesh of polyhedral
cells. Pressure force, shear force, turbulent forces
and gravity force are then applied to the moving
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rock. As shown in Fig. 6.10, the numerical results
were also compared to what would be obtained in a
sub-aerial case. Although Beranger and Turmel
and Locat’s modeling results are quite similar in
the initial fall, they differ significantly after the first
rebound. This is largely due to the hydrodynamic
forces that are only taken into account in the
Turmel and Locat model.

= Turmel et Locat (2008) mode!
— —Baranger af al (1998) model
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Fig. 6.10 Underwater S
rockfall simulation on a 4=

. [
horizontal surface, for a 2
block having a volume of E -1.5 -
0.069 m>, unit weight of 27 B
kN/m?, drag coefficient of L
2.0 and a coefficient of i
restitution of 0.8. In ‘a’ is E
shown the 3D grid used for
the numerical modeling with
the moving rock, in blue, at a -2.5

given location during the 0
fall. (adapted from Turmel
and Locat 2008)
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6.2.5 Continental Slope and Rise

Another common environment for undersea land-
sliding is the intercanyon area of the continental
slope. Landslides have been reported all around
the globe along continental slopes removed from
submarine canyon-fan systems. Amongst the best
examples is the giant Storregga slide complex which
has received a major focus in relation to the Ormen
Lange gas field development off Norway. A major
compilation of the most significant contributions
has been assembled in a 2005 special edition of
Marine and Petroleum Geology (Solheim et al.
2005). Work related to this case history has resulted
in a quantum increase in our ability to recognize
submarine mass movements, date them, analyze
the stability of slopes and their mobility, evaluate
tsunami hazards and develop risk assessment
procedures.

Itis not easy to select a particular model to explain
the Storegga slide (Fig. 6.11a). Amongst the many
scenarios which have been proposed for the initiation
of the Storegga slide, the role of gas hydrates has
often been put forward. The result of back calcula-
tion of slope stability using gas hydrate dissociation
as a triggering mechanism has been illustrated by
Sultan et al. (2004) and some of the results are
shown in Fig. 6.12 indicating how the process of
gas hydrate dissociation with time has generated a
relative increase in the pore pressure resulting in a
decrease in the factor of safety (FOS) with time. They
consider two of the most important changes during
and since the last deglaciation (hydrostatic pressure
due to the change of the sea level and the increase of
the sea water temperature) in making their calcula-
tion. Their simulation results indicate that melting of
gas hydrate due to a change in the gas solubility
could be at the origin of a retrogressive failure
initiated on the lower part of the Storegga slope.
According to Sultan et al. (2004) this process would
have occurred at the time of the Storegga slide, i.e.
about 8100 years ago (Haflidason et al. 2005). An
important unresolved question here regards the lat-
eral extent and continuity of the failure and how the
mechanism can also explain the slide’s retrogression.

Another explanation has been proposed by
Kvalstad et al. (2005) who suggest a retrogressive
slide mechanism. Such an approach, shown in
Fig. 6.11b and c, has the advantage of being able

to reproduce the final stages observed in the mor-
phological signature of the slide. On the other
end, it still requires an initial failure in the lower
part to initiate it. Overall, there seems to be agree-
ment that many factors must be invoked in order
to fully explain the overall extent and character-
istics of the Storegga slide, including earthquakes
and pore water seepage forces. According to Bryn
etal. (2005), the destabilisation prior to the slide is
related to rapid loading from glacial deposits with
generation of excess pore pressure and reduction
of the effective shear strength in the underlying
clays.

The Storegga slide is also well known for the great
tsunami that it generated, which left deposits in
many areas in the North Atlantic (Bondavik et al.
2005). By compiling all the relevant data (Fig. 6.11a),
Bondavik et al. (2005) have back calculated the pro-
pagation of the wave front as shown in Fig. 6.13. The
figure clearly shows, and is supported by dated tsu-
nami deposits on land, that a significant wave of 3 m
reached a distance as far as the Faeroe Islands. This
is another illustration of the great radius of influence
that must be considered for risk assessment related
to submarine mass movements.

Recently, multibeam data have been published on
the Grand Banks slide (Mosher and Piper 2007;
Mosher 2008, Fig. 6.14) which is one of the largest
historical events (about 150 km?). The slide took place
on November 18, 1929, as a result of a M =7.2 earth-
quake which occurred at the southern edge of the
Grand Banks, 280 km south of Newfoundland.

The Grand Banks slide took place along the
St. Pierre Slope in a context somewhat similar to
the Storegga slide, i.e in an area of thick accumula-
tion of sediments at the outlet of an ice-stream.
However, the triggering here is clearly associated
with an earthquake (Mosher and Piper 2007).
Contrary to the Storegga slide, the Grand Banks
slide area does not present high escarpments. In the
starting zone, the depression left by the slide indi-
cates that it was a shallow failure (5-100 m), exten-
sive and that it coalesced rapidly downstream into
the various channels to rapidly develop the turbidity
current (see also a discussion by Locat et al. 1990,
on the mobility of the debris). One of the main
observations made by Mosher and Piper (2007),
from the analysis of the Grand Banks slide mor-
phology, is that the assessment of tsunami hazard
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Fig. 6.11 The Storegga slide: (a) extent in red with run up of
tsunami deposits (Bondavik et al. 2005), (b) position of seismic
lines 4 and 5 shownin (¢) obtained in the upper headwall area (see

based on recognizable morphologic evidence alone
may underestimate the landslide tsunami risk.

The Grand Banks slide tsunami has been recently
modeled by Fine et al. (2005) and some of their
preliminary results are shown in Fig. 6.15. Their
simulation indicates that most of the tsunami wave

in (a)) showing the retrogressive nature of the slide in this area as
shown by the interpreted slide/block morphology indicated by
the black lines in (¢) (modified after Kvalstad et al. (2005)

propagation was completed within about 3 h after
the event and traveled as far west as to Anticosti
Island, Québec. At this point, the computed arrival
times are in fairly good agreement with the observed
ones. Although the Grand Banks slide is fairly well
known as of now, there are still many aspects that
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Fig. 6.12 Development of

instability on the slope of
Storegga as a result of gas
hydrate dissociation
(modified after Sultan et al.
2004). FOS: factor of safety;
ky: 1000 years; (a)—(d)
represent gas hydrate
dissociation process with the

a)t=-1185ky

related decrease in the FOS
until sliding takes place and

overall FOS increases
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are not well covered and they include the detailed
stratigraphic framework, and the geotechnical and
rheological properties of the sediments involved.
Moreover, the actual sliding mechanism appear
quite complex and, as for the Storegga slide, it
may not be easy to actually identify which phase
of the slide can be directly related to the tsunami.
One of the most impressive submarine mass
movements recently discovered is the Hinlopen
slide (Fig. 6.16) which took place along a glaciated
margin in the Arctic Ocean (Vanneste et al. 2006)

and has involved a volume of about 1350 km? leav-
ing a local scarp with a height of 1400 m with
remaining slopes as high as 30° (see inserts in
Fig. 6.16a). The Hinlopen slide developed catastro-
phically by dissipating sufficient energy to carry
large rafter blocks (kilometer scale) over a distance
of more than 60 km. Thess blocks are clearly seen
in Fig. 6.16d and have been transported along
with sub-parallel ridges of debris. It is believed by
Vanneste et al. (2006) that the Hinlopen slide is pre-
Holocene and may likely be related to climatic
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Fig. 6.13 Perspective view of sea-surface elevation 2 h after
the release of the Storegga slide. The wave front, ca 3 m high
has reached the Faeroe Islands and the Shetland Islands and
approaches Greenland, Iceland and Scotland. The small rip-
ples behind the wave front are caused by numerical noise.
This noise does not affect the maximum surface elevations
(modified after Bondevik et al. 2005)

Fig. 6.14 Multibeam image over part of the St. Pierre Slope
(off the coast of southern Newfoundland, Canada), main
source area for the 1929 Grand Banks landslide, showing
80-100 m-high escarpments. (source: Mosher 2008; Mosher
and Piper 2007)

Fig. 6.15 Snapshots of simulated tsunami waves for 30, 60,
90, 120, 150, and 180 min after the 1929 Grand Banks slide
failure. The star indicates the epicenter of the earthquake.
(modified after Fine et al. 2005). The land part extends from
Québec Labrador to the north, to New England to the South

changes. As for the Storegga slide, they believe that
sliding surfaces were developed along contouritic
clayey deposits during periods when the ice-related
sedimentation was minimum. Then, as glaciers re-
occupied the proximal margin, they dumped large
quantities of glacial sediments or till over a poten-
tially softer layer. As is believed to be the case for
the Storegga slide (Bryn et al. 2005) and for the
Grand Banks slide shown above, the failure may
be related to various factors including softening of
weak-prone layers and tectonic activity largely
related to glacial rebound. According to Vanneste
et al. (2006), a submarine landslide with these
dimensions could have created a devastating tsu-
nami, although its potential depends on sea ice
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bathymetry (km)

Fig. 6.16 (A) Swath bathymetry image (c. 4795 km2) of the
Hinlopen Slide scar area on the northern Svalbard margin off
the mouth of the Hinlopen Trough (HT). Contour interval is
10 m (thin) respectively 100 m (bold). The tracks, highlighted
in the insets, nicely illustrate the different characteristics of
the escarpments (e.g. slope and throw). Numbers along the
tracks represent slope angles in degrees (red: maximum
angles of escarpment, blue: mean dip of slip surface). The
blue arrow south of the head scarp represents the sediment
inflow from the Hinlopen Trough. The boxes mark the loca-
tions of the illuminated pseudo-3D views shown at the

conditions as well as the time lags of the multi-
phase, retrogressive movement.

When compared to their land counterparts, sub-
marine mass movement signatures can sometimes
be more easily described using various seismic meth-
ods. For example, 3D seismic methods, initially
developed for the oil industry, are now more acces-
sible to scientists and engineers searching for mass

@
Y
63 km from headwall

right (B-D). The western (B) and eastern (C) slide scar
areas are displayed with a vertical exaggeration 1:1. The
white dashed line (B) marks the outer limit of the post-slide
sediment lobe derived from the Hinlopen Trough whereas
the star represents the location of a sediment core containing
ice-rafted debris. The black dashed curves (D) delineate
blocky slide debris lobes, comprising both arcuate ridges
and gigantic rafted blocks. Some glide tracks are indicated
by black arrows (D). (Annotations: B = block, E = escarp-
ment, ISF = irregular sea floor, R = detached sediment
ridge, SP = slip plane) (modified after Vanneste et al. 20006)

movement signatures. One spectacular example is
the work reported by Huvenne et al. (2002) on
the Porcupine area (Fig. 6.17) in a portion of the
Atlantic sea floor just south of Ireland, which
revealed the presence of a blocky mass movement
deposit buried under about 100-200 m of sediments.
Basically, the image shown in Fig. 6.17 is obtained
by cutting the 3D bloc of seismic data at a certain
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Fig. 6.17 Amplitude map of part of the mass movement
horizon obtained by removing about 43 ms of seismic signal
showing the detail toe and blocky part of the slope failure.
Slide area is shown by the black box. The colour gradient
shows the relative amplitude that reveals the blocky nature of
the rock avalanche.The black square show the location of the
landslide image in the Porcupine basin off south-western
Ireland. UTM: Universe Transverse Mercator grid. Figures
6.6a and 6.7a shown noest to boxes in the figure refers to
figures number in the paper by Huvenne et al. (2002) where
more details can be found. (modified after Huvenne et al.
2002)

time interval, removing the data above and looking
at the relative amplitude of the signal at this level
and interpreting the intensity pattern which here
reveals the blocky pattern of the rock avalanche
deposit. Other examples of 3D seismics used to
identify submarine mass movements are given by
Martinez et al. (2005) and Gee et al. (2007).
Another interesting example of the use of 2D and
3D seismics has been integrated by Sultan et al.
(2007b) to explain the development of submarine
mass movements on a slope less than 2° likely
caused by the underlying effect of an active com-
pression zone (Fig. 6.18a) inducing basal stresses in
the overlying sediments (Fig. 6.18b). This constitu-
tes another triggering mechanism for submarine
mass movements. Here the underlying basal stresses
are modeled by cavity expansion theory generating
added gravitational stresses under the overlying
sediment mass. The stress intensity distribution is
shown by the range in color seen in Fig. 6.18b. In
order to identify the triggering mechanism of the
observed landslide, Sultan et al. (2007) developed a

three-dimensional slope stability model (SAMU-
3D) based on the upper bound theorem of plasti-
city. Their results have shown that the gravity
loading generated by the sediment weight alone is
not sufficient to explain the observed submarine
slide but that it could become unstable by consid-
ering the additional structural stress generated
by the regional compressional gravity driven
deformation.

6.2.6 Volcanic Islands

Major mass movements also occur along volcanic
islands and the mass movements originating from
these areas can sometimes develop into very far
reaching debris flow and turbidity currents, e.g.,
the giant deposits off the western coast of Africa
(Talling et al. 2007). Almost every volcanic island
which has been studied until now presents signa-
tures of very large mass movements intrinsically
associated with the development and the collapse
of volcanic edifices (e.g. Deplus et al. 2001; Le Bas
et al. 2007).

On the 30th of December 2002, part of the wes-
tern flank of the Stromboli volcano slid into the
southern Tyrrhenian Sea, Italy (Fig. 6.19), in
sequences that initiated two tsunamis that were
generated only 7 min apart in Stromboli
(Fig. 6.20, Tinti et al. 2006; Chiocci et al. 2008).
Because of a previous multibeam survey in the area
before the slide event, a unique opportunity existed
to observe the morphological changes associated
with the failure (both sub-aerial and submarine
according to Chiocci et al. 2008), to better under-
stand the collapse process of volcanic islands and
the generation of tsunamis. According to Tinti
et al. (2006), “the first tsunami was due to a sub-
marine mass movement that started very close to
the coastline and that involved about 20x 10° m? of
material. The second tsunami was engendered by a
subaerial landslide that detached at about 500 m
above sea level and that involved a volume esti-
mated at 4-9x10° m?. The latter landslide can be
seen as the retrogressive continuation of the first
failure.”
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Fig. 6.18 Back analysis of deep submarine slide of the
Nigeria coast. (a) site location, (b) slope angle of the study
area. The maximum slope angle corresponds to 5° at
the slope-scar level. Back calculations were carried out
along the B-B cross-section which represents the morphol-
ogy of the study area before sliding. (c): 4 different

sedimentary layers identified using CPTU’s data. A contour
map of the radial compressive stress o, (kPa) generated by
cylindrical cavity expansion is projected on the sedimentary
layers. The colour grading in (¢) reflect the intensity of the
stress generated by the underlying faults using cavity expan-
sion theory. (modified after Sultan et al. 2007b)
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Fig. 6.19 Seafloor deepening due to the 30th December 2002
landslide (residual map between pre- and post-slide bathy-
metry), draped over a 3D view of the western flank of Strom-
boli Island. A maximum depression of more than 45 m is
present at the center of the slide scar; each color cycle corre-
sponds to some 10 m. The width of the base of the volcanoe,
at sea level, a=is 4 to 5 km. (Chiocci et al. 2008)

6.3 Types of Processes: The Role of
Energy

In the aquatic environment, all types of mass move-
ments seen on land can be observed, in addition to
turbidity currents (Fig. 6.3). Each type represents a
different physics but also, if we consider slides,
spreads and flows, represent different degrees of
material transformation. To achieve it, one must
provide sufficient energy to reach a given degree of
remolding.

In a simple approach, one could consider that a
given type of material (soil or rock) may need a certain
amount of remolding energy to reach 100% of the
value of the remolded undrained shear strength or
fragmentation (E,y, see also Locat et al. 2006). As a
mass movement is taking place, and according to the
type of failure (or a combination) some amount of
remolding energy will become available (E;5). This

Fig. 6.20 Submarine-slide
tsunami on Stromboli Island
generated by the first slide.
Snapshots of the water
elevation fields computed on
a grid. Contour labels are in
meters. Palette goes from
white to dark grey as
magnitude increases.
Positive elevations are
striped, t: time in seconds
after the slide (case 1B of

Tinti et al. 2006)
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Fig. 6.21 Types of mass movements generated as a function
of available remoulding energy. The insert (a) is from
Leroueil et al. (1996)

concept is illustrated in Fig. 6.21 suggesting that for a
flow failure to take place, 100% of the remolding
energy must be available during failure and post-
failure. This concept is analogous to the remolding
index I, (I, = 14.9(E/cqu0'69) of Vaunat and Leroueil
(2002) and applied to sub-aerial quick clay slides in
Québec by Locat et al. (2008) and by Locat et al.
(2007) for a small submarine debris flow in the
Saguenay Fjord.

Another aspect of post-failure transformation is
the potential for an increase in the water content
(Fig. 6.22) via the transformation of the moving
mass (Jeong et al. 2004). This figure illustrates the
transformation of a sediment (or soil) into a fluid-
like material which can flow over large distances.

Yield stress Faifure onser

Remoulding-soils  Vield shear stress-fluids
g ..
Post-failure
T Remoulding (c,,)

(kPa) .
"N\
\—ﬁ

w
(%)
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Plastic flow (7.)

Large def.

Strain rate|/ displacement

Fig.6.22 Conceptual view of the effect of water entrainment
during failure transforming a soil into a viscous fluid. In
many underwater situations, such a concept must be invoked
to achieve the required low strength of the flowing material.
C,,: undrained remolded shear strength; 7.: yield strength
(modified after Jeong et al. 2004)

Such a process has been by Schwab et al. (1996) to
explain the great mobility of some Gulf of Mexico
far reaching debris flows and the high water content
of the debris flow deposit, compared to what could
be estimated at the source area.

Another illustration of the concept of remolding
energy is presented in Fig. 6.23 where a link is made
between the depositional environments, sediment
signature and properties in order to explain the
development of slide, spread or flow failures. For
sediments, one can see two types of deposits: homo-
geneous or layered, as underlined by their texture
contrast. During formation and evolution of the
sediment, various processes take place that change
the physical and geotechnical properties and ulti-
mately the intact and remolded undrained strength.
Depending on the final morphological conditions of
a given slide and the triggering mechanism (e.g.
earthquake), energy will be used to transform the
sediment package. Considering the effect of layering,
one would be inclined to think that homogeneous
sediments will tend to develop into slides whereas
layered ones can evolve into spreads or flows.
Kokusho and Kojima (2002) and Biscontin et al.
(2004) have illustrated the strong effect of layering
on the shearing resistance of the sediments and the
degree to which it can totally transform the sediment
into a flowing material. As suggested in Figs. 6.21
and 6.23, depending on the amount of available
remolding energy and the needed energy for 100%
remolding, either a spread or a flow can be generated.

Geotechnical Properties — Triggers — Failure Mechanism

Sediment Signature Properties
Depositional i B
Environment| Homegeneous Layered Fextme
- : C.. G
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Fig. 6.23 Conceptual relationships between marine sedi-
ment geotechnical properties, submarine slide triggers, and
sediment failure mechanisms (E,5: remolding energy avail-
able, E.n: remolding energy needed for 100% remolding)
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Such a concept could be considered in the
analysis of Talling et al. (2007) of the large and
far reaching mass movements off the coast of the
Canary Islands (Fig. 6.24). Their analysis indi-
cates that as the sliding mass progresses down
slope and as the gradient changes, the trans-
ported mass is partly disturbed and acquires a
significant mobility but can also change from a
turbidity current back to a debris flow when the
flow velocity decreases. Even here, it is clear that
a significant transformation of the initial sliding
mass was necessary to develop an initial turbidity
current.

An important observation originating from
work on the Storegga slide was to clearly underline
the scaling behavior of many type of debris flows
(Fig. 6.25). Both the run-out and the ratio between
fall height and run-out are best described as a
power-law function (Issler et al. 2005).

Fig. 6.24 Evolution of flow 2 bMatf;i::ialn r?:;:{:;‘fi'
. abys: _

el\;ent' that depc1>51ted l?ed 5 (turbidite deposit) (sediment

showing two alternative bypass)

mechanisms for generating
the debris flow.

(a), Evolution of entire

flow event from Agadir
canyon to Madeira abyssal
plain. (b), Debris flow forms

According to Issler et al. (2005, p. 193), the data
from the Storegga Slide complex points towards
some mechanism that reduces the bottom shear
strength, either progressively or above a certain
threshold. Recent experiments revealed that Iubri-
cation through hydroplaning or progressive wetting
of the shear layer is the key to explaining the high
velocity and long run-out distances of subaqueous
laboratory flows.

In closing this section, we can still ask a simple
but interesting question to be raised here. By which
process can a sediment that can sustain a 30° slope
400-1400 m high transform into a mobile material
that will rest on a 1-2° slope as it is the case for the
Storegga, Currituck and Hinlopen slides described
above? We do not think that a complete answer
exists yet, but there is clearly a need for an energy
source provided by some mechanisms or combina-
tion of triggers.

Agadir basin-plain Exit ramp Agadir canyon

(debrite + turbidite (erosion and sediment bypass) /

deposit) : Landslide

Scour

field  Flow direction

owing to flow
transformation from
turbidity current beyond

break in slope. The event
comprises only a well mixed
turbidity current in the lower
Agadir canyon and exit
ramp. (¢), Debris flow forms
by disintegration of initial
landslide in upper canyon.
The debris flow is present in
the lower canyon and exit
ramp but leaves no deposit
(bypasses). We note that the
turbidity current is actually
much thicker than the debris
flow in both models.
Greenish shaded areas
indicate gradual transition
from turbidity current to
debris flow. (modified after
Talling et al. 2007)
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Fig. 6.25 Selected debris 1000

flows from world-wide
database. 1, Kidnappers; 2,
Kayak Trough; 3,
Trenadjupet; 4, East Break
East; 5, East Break West; 6,
Sur; 7, BIG’95; 8, Afen Slide;
9, Icod; 10, Canary debris
flow; 11, El Golfo; 12,
Saharan debris flow; 13,
New Jersey; 14, Gebra; 15,
Isfjorden; 16, Storfjorden;
17, Bear Island; 18, North
Sea; 19, Newfoundland f1;
20, Newfoundland f8. The
lines indicate the regressions
found in Storegga (adapted
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6.4 Risk Assessment

Amongst the submarine geohazards (Fig. 6.26),
mass movements and their related phenomena
pose a significant threat to coastal and seafloor
structures, and coastal communities. Because of
the great extent and types of submarine mass move-
ments and their related capacity to reach very large
distances, evaluating the risk associated with sub-
marine mass movements requires an approach that
is quite different from what is seen on land. One of
the major differences is the very remote source

Geohazards on continental margins

Fig. 6.26 Potential geohazards on deepwater margins (from
Nadim and Locat 2005)

which must be considered in the risk assessment
procedure, i.e. for example, the very long run out
of debris flows and turbidity currents can sometime
reach distance more than 500 km, which is nothing
comparable to sub-aerial situation regarding mass
movements.

If one considers the example of the mouth of the
Fraser River (Fig. 6.27), elements at risk near or at
the shoreline are quite diversified not to mention the
inhabited area not so far away from the beach. At
this location, a major submarine slide generated by a
strong earthquake could cause significant damages
locally, but also at very large distances, depending on
the seafloor configuration and water depth. This is
one of the reasons why the VENUS project has
selected this site to develop slope stability monitoring
tools as part of larger ocean observatories (Lintern
and Hill 2008).

Submarine mass movements, as they cover large
areas, can have a significant impact on benthic eco-
systems and fishing habitats. A good example of
this was the impact of the Saguenay flood disaster
on the Saguenay Fjord where the sediments which
accumulated destroyed most of the benthic species
who could recover within about 3 years of the event
(see Locat et al. 2003 for more details on various
components of this project).

As for the case of tsunamigenic landslides, from
known cases of major submarine mass movements,
the preliminary investigation may initially have to
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Fig. 6.27 The mouth of the
Fraser delta and the
infrastructures at risk: a
VENUS location for
monitoring submarine slope
instability (adapted from
Lintern and Hill 2008)

be conducted over a very large area, (e.g. in a radius
of about 1000 km, Chaytor et al. 2007). These areas
may be identified as a result of the initial inventory
effort. Then a larger scale can be considered for
detailed analysis to first establish the mass move-
ment history, the remaining hazards and their
potential to generate significant tsunamigenic land-
slides (Gonzalez et al. 2007).

In such a context, a global approach proposed
by Locat (2001) for submarine risk assessment
must take into account various hazards aspects
related to geological setting, environmental for-
cing and hazard evaluation. The various elements

o Hazard

Gabilg Corfidor

can be used for understanding, predicting and miti-
gating various aspects of risk management deci-
sions (Fig. 6.28). Many of these elements are also
relevant for terrestrial hazards and risk assessment
for landslides. For the sub-aqueous environment
the geological model will sometime be determined
with greater accuracy than on-land largely because
of the use of 2D and 3D seismic data. On the other
end, uncertainty will be higher than on-land for
elements such as pore pressure and strength
because out ability to monitor in situ pore pressure
and strength is quite limited. Although cores can
be obtained form the sea floor, if dissolved gas is
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present, sample disturbance will likely take place
so that laboratory measurements of intact strength
will often be unreliable.

From a more technical point of view, Nadim and
Locat (2005) have proposed a general framework
(Fig. 6.29) which has been largely validated through
the Storegga project (Nadim et al. 2005) and is
largely based on a statistical consideration and eva-
luation of uncertainty and reliability of the data or
the computations.

6.5 Concluding Remarks

In the concluding remarks of the review paper on
submarine landslides presented at the 8th ISL in
Cardiff (Locat and Lee 2002), we underlined speci-
fic challenges on which we would like to comment
below.

The integration of 3D slope stability analysis has
been partly achieved by the work of IFREMER
(Sultan et al. 2007a) in an attempt to understand
the slope stability of the Var delta using pseudo-3D
computations involving detailed bathymetry (Dan
et al. 2007). At this time, the method does not use
3D seismic data for the analysis. This is still to be
developed.

Recently, Tripsanas et al. (2008) have provided a
synthesis of the various interpretations which can be
made from core studies towards understanding and
defining specific types of mass movements and their
rheological characteristics.

The use of long cores to provide estimates of the
frequency of catastrophic events in the aquatic
environment is still needed and must be improved
substantially in order to increase our capacity to
evaluate the various types of submarine mass move-
ment hazards. St-Onge et al. (2004, 2008) provides a
good example of the great potential of long cores in
the proximity of active instability zones. More
development is expected as a result a greater interest
in marine geohazards from the IODP program fol-
lowing the Indonisian tsunami of December 2004
(Camerlenghi et al. 2006). Good cores and in situ
measurements are essential if one needs to get to the
right mobilized strength. In addition, these IODP
drilling proposals will offer the first opportunity,
apart from the Storegga slide, to reduce the uncer-
tainty about the geometry of the slides and their
deposits so as to also improve our understanding
of the characteristics of the failure surface or zone.

In situ measurement methods have also recently
been developed, such as the PENFELD, which has
been successfully used for in situ measurement of
strength (Sultan et al. 2007a). Sultan et al. (2007b)
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have also illustrated the importance of in situ mea-
surements using in situ vane and CPT in the Gulf of
Lions to clearly show the impact of dissolved gas on
the strength properties of sediments once they are
taken on board. This is illustrated by Fig. 6.30 show-
ing that below a depth of about 35 m, which corre-
sponds more or less to the top of the gassy sediments,
the strength results from laboratory tests start to
deviate significantly from in situ results.

Identifying and understanding the physical pro-
cesses involved in the transition from failure to post-
failure is still a largely unresolved issue (Locat and
Lee 2005). Significant contributions were made as
part of understanding how the Storegga Slide

disintegrated (Elverhei et al. 2005). It is interesting
here to note that the growing interest in tsunami-
genic landslide research is pointing even more at the
crucial role of transition processes from failure to
post-failure since it has a direct influence on the
acceleration and volume involved in the tsunami
generation (e.g. Tinti et al. 2006, Bradshaw et al.
2007).

Monitoring the movement and observing the
mobilization of actual landslides are still lacking
but should improve with the development of ocean
bottom and coastal observatories like the VENUS
and NEPTUNE (Barnes et al. 2007) projects. Good
candidates for this, in addition to the Fraser delta
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(Lintern and Hill 2008) are the Storegga escarpment
and specific sites in the Gulf of Mexico.

Determining the role of subsurface water flow in
initiating submarine landslides has been developed
in recent years particularly by Dugan et al. (2007).
This aspect of slope instability has not been devel-
oped here but is a crucial missing link in many cases,
asitis often the case on land. For example, the study
of the Finneidfjord slide (Longva et al. 2003) has
shown that along fjord, the local and regional
groundwater flow regime could play a significant
role in both pore pressure distribution and likely the
development of sensitive clays below sea level (i.e.
freshwater seepage leaching the salt in a sediment
that is still below the sea floor).

Integrating the role of gas hydrates in the analy-
sis and prediction of submarine slope stability has
been well developed by Sultan et al. (2004, see
above) as part of the study of the Storegga slide
whereas the actual geomechanical impact of gas
hydrates dissociation of soil properties has been
recently addressed by Gidley and Grozic (2008).
Still how much (extent) gas and what rate of dis-
sociation is needed to cause slope instability is not
well known.

Evaluating the mechanics of giant submarine
landslides and improving our understanding of the
causes of their great runout distances still needs
much additional study similar to what has been
done by Vanneste et al. (2006) and Talling et al.
(2007). Needed are answers on how such great
mobility can be acquired and how can it take place
in sediments or rocks with such high intact strength
while transforming into such largely mobile debris
flows.

Developing criteria to determine the cause of
seafloor deposits that have been described as either
landslides or migrating sediment waves has been
partly achieved by the recent work of Lee et al.
(2002) but for which some aspects are still being
discussed (Cattaneo et al. 2004).

With respect to hazard, frequency, and extent of
mass movements, significant advances have been
made, as described above for risk assessment. Still,
a lot of uncertainty remains because of the lack of
well dated case histories. With the growing interest
in coastal hazards potentially due to tsunamigenic
landslides, more development is expected in the near
future.
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Satellite Remote Sensing Applications
for Landslide Detection and Monitoring

7

Vern Singhroy

Abstract This paper provides a brief overview of the application potential of
EO images related to landslides mapping and monitoring. Our challenge is to
recognize and interpret the detailed geomorphic characteristics of large and small
landslides, and determine whether or not failure is likely to occur. It is clear
from the examples provided that remote sensing images are increasingly being
used because applications are becoming more convincing relative to traditional
mapping and monitoring methods.

The examples shows that current high resolution stereo SAR and optical images
are producing multi scale landslide inventory maps to improve mitigation. The
availability of less than 3-m resolution stereo images from SAR and optical are
providing, near air photo type geomorphic information on slopes, for more reliable
landslide inventory maps.

Landslide prediction will remain complex and difficult even with ground
monitoring techniques. Our examples have shown that InSAR results are com-
plementary data sources relative to ground based observations, and are especially
useful where other data sources are limited over large areas. Detail deformation
maps produced from InSAR techniques are assisting in more accurate slope
stability studies. When the acquisition and ground conditions are correct, SAR
interferometry is a useful tool for detecting and monitoring mass movement
and thus is able to contribute to the assessment and mitigation of landslide
hazards.

Keywords InSAR - Landslide monitoring « Landslide inventory

7.1 Introduction

Landslides are among one of the serious geological
hazards which threaten and influence the socioeco-
nomic conditions of many countries. (Schuster,
1996). Large scale, stereo aerial photographs have
been extensively applied in landslide investigations

Vern Singhroy (D<)
Canada Centre for Remote Sensing, Canada

for several decades. They are very useful for the
recognition, characterization and geomorphic
analysis of landslides. Recently, there has been a
considerable increase in satellite remote sensing
images for slope stability investigations mainly
because of the recent availability of high resolution
radar and optical Earth Observation (EO) satellite
systems and the development of advanced images
processing tools such as InSAR monitoring
techniques as shown by Singhroy 2005 and others.
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This paper provides examples of the uses of satellite
images to detect and monitor landslide activity in
different geologic environment. These examples
should be used as a guide for the uses of remote
sensing to map and monitor landslides.

7.2 Landslide Mapping

Stereo aerial photographs are used extensively to
produce landslide inventory maps. They allow the

identification of geomorphic, geologic and related
land use features related to landslides as demon-
strated from many studies such as Mollard and
Janes, 1993, Guzzetti, 1990, Varnes (1974) and others
(Fig. 7.1). Geological and geomorphological units
related to landslide inventories can be interpreted on
the basis of morphological, textural, and structural
characteristics using stereo aerial photos and several
types of remote sensing images. Landslide inventories
using multi resolution remote sensing images to
detect landslides and interpret their geomorphology
and related geological units are usually mapped at

Landslide Age

11 Very old (paleo)
] before 1954

1954 to 1977

-] 1941

¥ 1997

Fig. 7.1 Interpretation of stereo airphotos to produce 1:
100 000 scale landslide inventory maps of Italy (a). The

various colour units refer to landslide types (b) and ages
(¢) (Guzzetti, 1990)
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various scales, such as national (1;1000000), regional
(1:100000), medium (1:25000-50000), and large scales
(> 1:15000).

For instance, if the landslide inventory is being
published at 1:15000, stereco aerial photos from
1:15000-1:25000 scale is the most useful. The
amount of detail analytical information which
helps the interpreter to make conclusions on type
and causes of the landslide, will be very limited at
scales smaller than 1:25000. Therefore, the suitabil-
ity of remote sensing images for landslide inventory
mapping is determined by the size of individual
slope failures and the ground resolution cell of the
image. Our experience has shown that 3-m stereo
images are the most useful for detail landslide
classification and interpretation for large scale
inventories. Recent studies have shown that high
resolution satellite images were cost effective com-
pared to air photos for detailed landslide hazard
assessment over large areas. The DEMs created
from IKONOS stereo images are shown to be
sensitive to micro terrain features than the maps
created from digital contour data (Nichol et al.
2006). Table 7.1 show a selected list of the current
high resolution radar satellites that are relevant for
landslide inventory and related land use mapping.

Table 7.1 SAR system summary

Many high resolution (less than 3 m) satellites
images are available commercially. Recently, the
combined use of both recent high resolution satellite
images and existing air photos are increasingly
being used for updating landslide inventory.

Bulmer (2002) used two distinct approaches to
determine the characteristics of different landslides
from remotely sensed data. With these approaches
it is possible to derive qualitative and quantitative
parameters on landslides that are necessary for
improved understanding of landslide processes. The
first approach is to determine the number, distribu-
tion, type, and geomorphology of landslides using
remotely sensed data. The second approach measures
the dimensions (length, width, thicknesses and local
slope) along and across the landslides using imagery
and topographic profiles. However when selecting
and using remotely sensed data, Bulmer (2002)
noted that the goal should be to determine: (1) the
local lithology, (2) aerial extent of landslide deposits
at each site, (3) local age relationships, (4) examine
evidence for the cause and frequency of emplacement,
(5) look for differences in landslide morphologies as
keys to the magnitude and types of mass movement
events, and (6) measure dimensions, slopes (local and
regional), volumes, and material sizes.

Design Imaging Spatial Polarization Look Status
Life frequency resolution direction
RADARSAT-2 | 7 years C-Band, 3to 100 Single (HH, VV, VH, HV) Left- and Launch
y 5.405 GHz meters Dual (HH/ HV, VWIVH) right-looking 2007 Dec
Polarimetric
RADARSAT-1| 5years C-Band, 10 to 100 m Single HH Right-looking In operation
w 5.3 GHz (Since 95)
Envisat ASAR| 5years C-Band, 30to 1000 Single (HH, VV) Right-looking In operation
.331 GH i 2
$ 5.331 GHz meters Alternating (VV/HH, (Since 02)
VV/IVH, HH/HV)
TerraSAR-X 5years X-Band, 1to 15 Single (HH, VV) Left-and Launch
‘_ 9.650 GHz meters right-looking 2007
Dual (VVIHH, VV/VH,
HH/HV)
ALOS 5years L-Band, 10 to 100 Single (HH, VV) Right-looking Launch
PALSAR 1.27 GHz meters Dual (HH/ HV, VWIVH) 2005
Polarimetric (exp.)
COSMO- 5yars X-Band, 1to 100 Single (HH, VV, VH, HV) Left- and 2 Launch in
9.6 GH meters ight-looki 2007
Skymed z Polarimetric rantooKing
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There is a need to integrate both high and medium  of providing synoptic regional coverage and offer
resolution images obtained airborne and spaceborne spatial continuity. The higher resolution airborne
sensors to locate landslides for regional and national system is used to combine the advantage of spatial
inventories Satellite images are generally lower spatial — coverage offered by EO with both higher resolution,
and temporal resolution, but they have the advantage and better control on acquisition timing when sensing

Volume
encompassed
by scarp
1.5 km?3

Original
ace

2
Distance (km)

Fig. 7.2 South Yale Slide, Hope B.C. Canada, depicted in  photograph (b). Geological setting (c¢), slide transect (d),
a high-resolution airborne radar image (a) and field and inventory map (e)
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a specific event. This was particularly true in the case
of the recent may 2008 earthquake event in Shezwen
Province, China where both high resolution airborne
and lower resolution satellite images were combined
to map the large amount of landslides triggered from
the magnitude 8 earthquake.

Recent research has shown that high-resolution
stereco SAR and optical images, combined with
topographic and geological information have
assisted in the production of landslide inventory
maps (Singhroy et al., 1998; Singhroy and Mattar,
2000). The multi-incidence angle, stereo and high-
resolution capabilities of the various radar satellites
(Table 7.1) are particularly useful for landslide
inventory maps Fig. 7.2 shows the uses of high resolu-
tion (3 m) airborne SAR is particularly useful to
interpret and map deep seated landslide features
and related geological units and structural features in
the upper Fraser valley in British Colombia, Canada.

Singhroy et al. (1998) has provided some simple guide-
lines for the selection of multi-incidence RADARSAT
images to facilitate the mapping of geomorphic fea-
tures of these large deep-seated slides. Image fusion
and 3d visualization techniques combining optical
and SAR images and DEM are particularly useful
for regional landslide inventory mapping as shown
in Fig. 7.3.

Other high-resolution optical systems such as
IKONOS, IRS (Table 7.2) and the stereo capability
of SPOT 4 are useful for landslide recognition and
related land use mapping. Where possible, the highest
resolution data that is available should be obtained
and used to identify a range of geomorphic features
and dimensional data on landslides of interest. Large
landslides are easily recognized on 30 m Landsat
TM images.

Disaster response comprises the rapid damage
assessment, and relief operations, once the disaster

[III1117] Slope being eroded
Slopes with breaking rocks
Sliding Cracks

[*.7.7 Debris piled up (old)
Debris piled up (recent)
[ Stable slopes

== Stream

iy Major slide
<y Minor slide
—— Stream

—— Debris control

Fig. 7.3 Interpretation of RADARSAT image draped over DEM for landslide inventory in upper Oya Valley in Japan
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Table 7.2 Landslides from satellite observations (modified from IGOS 2003)

Required Observations

Background monitoring/Assessment

Crisis Response

Characterize deformation with high
accuracy and frequency
(horizontal and vertical).

Map landslides, geomorphology,
land-use, land cover, geology,
structures, and drainage network.

Topography/Elevation (incl. Slope
angle, slope length, slope position).

Soil strength parameters and physical
properties (incl. clay mineralogy,
weathering, soil moisture, water
content).

Climate Trigger precipitation
(rainfall, snow, magnitude,
intensity, duration), temperature.

Seismic trigger Magnitude, intensity,
duration, peak acceleration. Decay
of shaking level with source
distance (source, propagation
shaking and site effects).

GPS network of stations continuously
transmitting or reoccupied as
necessary.

Satellite, airborne and ground-based
SAR interferometry at various
wavelengths.

Frequency depending on the type of
ground instability (1 month to 1
year).

Other surveys e.g. leveling, laser
scanning (terrestrial and airborne),
aerial photography and high-
resolution stereo satellite data,
borehole inclinometers.

Frequency depending on the type of
ground instability (1 month to 1
year).

Map existing landslides, depositional/
erosional processes, geologic
structures, land-use and land cover
using high-medium spatial
resolution satellite and airborne
imagery, aerial photography and
geological and geophysical ground
surveys.

High quality DEM from LiDAR,
photogrammetry or high-resolution
satellites and InSAR techniques

Regular updated when necessary.
Geotechnical in-situ and laboratory
tests using inclinometers,
penetrometers and piezometers.
Tomographic subsurface surveys.
Physical properties of soils, triaxial
tests, odometers test as required by
modeling process.

Meteorological data field
measurements. Meteorological
satellites data.

Accelerometer network monitoring.
(Frequency: continuous or
reoccupied as necessary) Model
(Pseudo-static stability, Dynamic
instability).

Additional GPS stations as needed to
capture deformation. More frequent
occupation (if data not continuously
transmitted).

Request more frequent satellite tasking
plus search archives for additional
possible image pairs.

More frequent occupation of all
ground-based instrumentation
(if data not continuously recorded
and transmitted).

Request over-flights to check extent and
distribution of landslides.

Rapid local update needed of how the
landscape has changed.

Request more frequent observations
and If possible continuous recording
of soil moisture.

Continuous recording.

Continuous recording.

has occurred. Currently, damage assessment related
to landslides and other disasters is done using aerial
photography, videography and ground checks. In
order to be able to use EO data for landslide damage
assessment, two criteria should be met: High tem-
poral and high spatial resolution (ca. 3—10 m stereo)

is essential for landslide damage assessment and
relief efforts. Images taken at the time of disaster
or days after the event similar to other geohazards —
earthquake and volcanoes — is a requirement to
support relief efforts. Figure 7.4 (a, b, ¢, and e)
shows the uses of high-resolution IKONOS (2.5 m)
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Fig. 7.4 (a-e) Landslides in Venezuela resulting from high-
intensity rainfall and high-velocity water and debris flow
which buried residential areas resulting in 50 000 deaths
and 1.5 billion in damage on the north slope of Avila
Mountain range (a). The photograph. (b) and (c) show
high resolution Ikonos 2.5 m imagery. (d) shows the

and fine mode RADARSAT (8 m) images to assess
damage and produce revised inventory maps related
to high velocity mud flows resulting from rapid
high intensity rainfall on the north slope of Avila

resulting landslide scars on the steep slopes. (e) shows an
8 m RADARSAT fine mode descending interferogram
(Master: March 21st, 1998, Slave: January 22nd, 2000,
Baseline of 740 m). Zone 1 is the relatively stable area of
the city of Caraballeda, Zone 2 is the mud flow area, and
Zone 3 indicates unstable slopes

mountain on coastal Venezuela. The landslide,
which occurred on Dec 30th 1999, killed 50 000
people, and caused and $1.5 Billion (US) in property
damage.
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7.3 Landslide Monitoring Using InSAR

Remote sensing techniques are increasingly being used
in slope stability assessment. (Murphy and Inkpen,
1996; Singhroy et al., 1998; Singhroy and Mattar,
2000; Singhroy, 2005). Recent research has shown
that differential interferometric SAR techniques can
be used to monitor landslide motion under specific
conditions. (Vietmeier et al., 1999; Rott et al., 1999).
Provided coherence is maintained over longer periods,
as is possible e.g. in non-vegetated areas, to observe
surface displacement of a few cm per year. Using data
pairs with short perpendicular baselines, short time
intervals between acquisitions, and correcting the
effect of topography on the differential interferogram,
reliable measurements of surface displacement can be
achieved.

Interferometric  Synthetic Aperture Radar
(InSAR) techniques are being used to measure
small mm displacement on slow moving landslides.
An interferometric image represents the phase
differences between the backscatter signals in two
SAR images obtained from similar positions in
space (Hanssen, 2001; Massonnet and Feigl, 1998;
Rosen, 2000). In case of spaceborne SAR the images
are acquired from repeat pass orbits. The phase
differences between two repeat-pass images result
from topography and from changes in the line-of-
sight distance (range) to the radar due to displace-
ment of the surface or change in the atmospheric
propagation path length. For a non-moving target
the phase differences can be converted into a digital
elevation map if very precise satellite orbit data are
available. Effects of noise due to changes of atmo-
spheric propagation between various images can be
strongly reduced by combined processing of several
interferometric image pairs with different baselines
(multi-baseline interferometry) (Ferretti et al.,
1999). Therefore, small (less than 100 m between
passes) orbital baseline, no precipitation at acquisi-
tion, vegetation free surfaces and high resolution
topographic information to register SAR images
are essential for reliable InSAR deformation maps.
The current SAR satellites shown in Table 7.1 have
repeat orbits varying from 11 days for Terra SAR X,
24 days for RADARSAT, 35 days for Envisat,
46 days for ALOS.

For motion mapping by means of InSAR it is
necessary to separate the motion-related and the

topographic phase contributions. This can be done
by differential processing using two interferograms
of different time periods calculated from two or three
images if the motion was constant in time. If the
motion is slow, the topographic phase can be taken
directly from an interferogram of a short time span.
With the advent of repeat-pass interferometry,
it has become possible to detect subtle changes
(at mm scales) in the landscape such as seismic dis-
placement (e.g. Massonnet et al., 1996). However,
landslides are difficult to study using radar interfero-
metry (e.g. Fruneau et al., 1996) because they can
experience ground deformations in excess of the
phase gradient limit (Carnec et al., 1996) and which
eliminate interferometric correlation (Massonnet
and Feigl, 1998). Attempts are being made to better
integrate radar interferograms, field measurements,
and ancillary remote sensing of landslides to obtain
“calibrated” interferograms which will provide
useful geologic and geophysical information to the
landslide monitoring community.

There are two important constraints for the
application of InSAR to slope motion monitoring:
(1) InSAR measures only displacements in slant
range, the component of the velocity vector in flight
direction cannot be measured. (2) InSAR can only
map the motion at characteristic temporal and
spatial scales (Massonnet and Feigl, 1998), related
to the spatial resolution of the sensor and the
repeat interval of imaging. Typical scales for SAR
interferometry application to landslide movements
are millimeters to centimeters per month (with
35 day repeat-pass images) down to millimeters to
centimeters per year (with approximately annual
time spans).

A precondition for the generation of an interfero-
gram is coherence, which means that the phase of the
reflected wave at the surface remains the same in the
two SAR images. The loss of coherence (decorrelation)
is the main problem for interferometric analysis over
long time spans, as required for mapping of very slow
movements. Whereas the signal of densely vegetated
areas decorrelates rapidly, the phases of the radar
beam reflected from surfaces, which are sparsely vege-
tated or unvegetated often remain stable over years.
This has been utilized for mapping very slow slope
movements in high Alpine terrain (Rott et al., 1999).

Motion analysis in vegetated areas uses stable
objects such as installed corner reflectors or



7 Satellite Remote Sensing Applications for Landslide Detection and Monitoring

151

man-made constructions such as houses, roads and
bridges etc. Using long temporal series of interfero-
metric SAR images (typically about 30 or more
repeat pass images over several years) objects with
stable backscattering phase are determined by sta-
tistical analysis The analysis of the SAR time series
with the Permanent Scatterer Technique PSIn-
SAR™ (Ferretti et al., 2000, 2001) enables the detec-
tion of very small movements of individual objects
(e.g. single houses. With the Permanent Scatterer
Technique the movement of small objects (down to
about one square meter) can be monitored. A certain
number density of stable objects (at least about
5 km?) is needed to enable accurate correction of
atmospheric phase contributions. This method has
been applied to map subsidence and slow moving
landslides as shown below. The examples described
below is aimed at providing representative case stu-
dies of INSAR monitoring of landslides on different
geologic environments.

The Frank rock avalanche case study is provided
to demonstrate the capability of InSAR to monitor
gradual motion on large rock avalanche in the
Canadian Rockies. The Frank Slide, a 30 x 106 m®
rock avalanche of Paleozoic limestone, occurred in
April 1903 on the east face of Turtle Mountain
of southern Alberta, Canada. Seventy fatalities
were recorded. This slide is still active. “Factors
contributing to the slide have been identified as the
geological structure of the mountain, subsidence
from coal mining at the toe of the mountain, blast
induced seismicity, above-average precipitation in
years prior to the slide, and freeze-thaw cycles”
(Cruden and Hungr, 1996). The Government of
Alberta has installed GPS stations and several
in-situ monitors to monitor post-slide activity at
specific locations (Fig. 7.5a), and current InSAR
monitoring are complementing the in-situ measure-
ments. The fact that the rock covering the rock
avalanche is bare and dry, leads to the high coher-
ence and identification of more than 95% of the
CTM targets for the Frank Slide area. Due to their
great density and excellent coverage, the CTM mea-
surements of this area are a reliable reflection of
current deformation pattern. The most recent
InSAR CTM results (Fig. 7.5b) have shown that
during a period from April 2004 to October 2006,
the foot of the eastern slope of Turtle Mountain, the
ground surface above the Frank Mine was found to

subside at an average rate of about 3.1 mm per year
supporting the speculation that underground coal
mining triggered the Frank landslide (Mei et al.,
2006). Deformation on other areas of the debris
avalanche is a result of gravitational mass move-
ment. Our most recent results of the steep north
slope scarp where in 2001, 6,000 tons of rock fell
show, that this area is still unstable. The ALOS
differential InSAR results for July 12-Aug 27/06
show deformation of 20 mm on the upper rocky
and partly vegetated slopes (Fig. 7.5c). The ALOS
PALSAR data show deformation not only on the
exposed rocky surfaces but also on the vegetated
South Peak. This is particularly useful since the
South Peak is extensively monitored and does
show similar gradual deformation.

The Thunder River landslide in permafrost terrain
is within the Mackenzie Valley pipeline corridor,
200 km southeast of Inuvik in the Northwest
Territories, Canada. The study area is characterized
low relief sparse-to-open coniferous forest and
shrub land. The Mackenzie Valley pipeline is a
1300 km, aimed at delivering natural gas to markets
in Southern Canada and United States. The pipeline
—when completed — is estimated to cost $ 7 billion.
There are approximately 2,000 landslides along
the proposed route The Mackenzie Valley will
experience one of the highest rises in mean annual
air temperature for any region in Canada, thereby
triggering melting in the permafrost and landslide
activity (Couture et al., 2006).

The Thunder River slide is an active layer detach-
ment where excessive deep thaw encounters rich
ground ice (Fig. 7.6). The deep thaw is caused by
warm summers or the destruction of the insulating
surface, mainly by forest fires. Our investigation
has shown that differential InSAR using 8 m
RADARSAT-1 fine mode provides a first step in
monitoring regional permafrost activity and landslide
motion at specific location within the Mackenzie
Valley Pipeline corridor. Our results show that defor-
mation on exposed slopes is 3 times more than on
vegetated slopes from July to October 2006 (Alasset
et al., 2007). As shown in Fig. 7.6, dark areas repre-
sent rapid motion (loss of coherence), and correspond
to the landslide areas, and red areas show gradual
motion in the low vegetated slopes. This result
indicates that the exposed slopes are extremely active
and will pose a serious treat to the pipeline safety.
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Fig. 7.5 InSAR montoring of Frank slide, Canada, modified from Mei et al., 2007

The Little Smoky deep seated retrogressive slide
on glacial till that threatens Highway 49 Alberta,
Canada. The little Smoky River occupies a broad
pre glacial valley filled with interbedded tills. The
glacial deposits continue to be downcut and under-
mined by the river resulting in oversteepening of the
valley slopes which produce large scale land sliding
(Froese et al., 2008). The estimated slip surface of
the slide from slope inclinometer readings during
2002 indicated a rate of movement of 616 mm/
year. Potential long term mitigative measures
might consist of re-aligning the highway in a
straight line from the bridge perpendicular to the

valley slope with a deep cut to offload the upper part
of the valley slope and placement of a toe berm at
the base of the slope using material generated by the
cut. Substantial erosion protection measures would
also be required along the toe of the valley as recom-
mended by Thurber Engineering 2002.

The valley slopes are heavily vegetated, and as
such twenty three corner reflectors, designed for
RADARSAT-C band, were installed to minimize
temporal decorrelation caused by the vegetation.
Figure 7.7 a and b shows the location of the corner
reflectors and the profile and stratigraphy between
A-A (Froese et al., 2008). The monitoring of the
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Fig. 7.6 InSAR monitoring of Thunder River landslide, Canada, modified from Alasset et al., 2007

corner reflectors were conducted using the Ascend-
ing F2N Radarsat-1 images line of site images.
Fig. 7.7¢ shows an example of the InSAR results
obtained for corner reflector #7 (CR7), located on
the lowermost block of a rotational retrogressive
slide, and a comparison with slope inclinometer
deformation readings. CR7 shows a maximum of
50 mm from March to November 2007, compared
to the inclinometer data which shows a movement
of 12 mm over the same time. This difference is
probably because the CR7 is located at the lower
most rotational block and is likely moving faster.
A more detailed review of these trends relation to
relation to other corner reflectors and inclinometer
measurements are currently on going by Froese
et al. from the Alberta Geological Survey.

The Castagnola landslideis a deep seated gravita-
tional movement on clayey terrains It is located in
the northern Appenines, a few tens of kilometers to
the East of Genoa. Covering a surface area of about
40 ha on the right bank of the Castagnola River, the
landslide faces south west with an average slope
inclination of 12°. The main scarp is at an elevation
of 380 m with the toe approximately 80 m lower.
A number of morphological features indicate recent
movement with at least three slope ruptures being

evident. The land surface, accordingly, has a terraced
and hummocky appearance (Ferretti et al., 2005).

The landslide has a deep-seated gravitational
movement with both translational and rotational
components. [t represents a serious socio-economic
threat to a cluster of small villages, with many
homes having been evacuated and/or abandoned.
Furthermore, the slide is still active.

PSInSAR™ was used to supplement information
obtained from ten inclinometers, many of which had
short lives owing to the significant amount of move-
ment, typically 3040 mm/year in the central part of
the slide area. As is expected in rural areas, PS density
is low but sufficient PS was obtained to corroborate
the inclinometer data and geomorphology of the area.
Despite the two data sets representing different time
periods (1992-2001 for PS data and 2001-2002 for
inclinometer data), a qualitative comparison showed
good agreement in terms of direction of movement
and deformation rates (Fig. 7.8 a, b, ¢, and d) (Ferretti
et al., 2005).The analysis of this landslide was under-
taken by the University of Florence and TRE on
behalf of the Province of La Spezia, Italy.

Mount Padrio is large (30 km?) deep-seated and
rotational landslide in the Lombardy region of
Italy’s Central Alps. Figure 7.9 shows relatively
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Fig. 7.7 InSAR montoring of Little Smoky landslide, Canada, modified from Froese et al., 2008
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PS Code: AMTE Vel <4017 Coher.0.53

Fig. 7.8 (a) Photo of Landslide area (b) Boundary of displacement Red-40 mm/year, green —no motion, blue +
Landslide area (c¢) Distribution of Permanent scatterers 40 mm/year —(d) Motion from 1992-2001 400 mm downslope.
(PS). The colour the PS corresponds to their average yearly  (Ferretti et al. 2005)

Fig. 7.9 PSInSAR monitoring of Mount Padrio (Ferretti et al. 2005)
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high levels of motion at the scarp of the main slide
(in the foreground), represented by red coloured PS.
Progressing down the slope the displacement rate
reduces until, close to the toe, there appears to be little
motion evident. The PS data show good agreement with
mapped landslides of the area. The site is structurally
complex and failure mechanisms are challenging to
comprehend in the toe areas owing to thick alluvial
sediments filling the valley floor (Ferretti et al., 2005).

The PSInNSAR™ analysis identified more than
300 PS on the slopes representing both natural and
artificial reflectors including bedrock outcrops,
buildings and pylons. A power station and pen-
stock, toward the upper end of the valley have
been rendered dysfunctional as the result of slide
activities on the mountain slopes. The PSInSAR™
analysis was conducted by TRE for the Regional
Government of Lombardy in partnership with the
University of Milan Bicocca.

7.4 Conclusions and Future Research

Our investigation shows that current high resolu-
tion stereo SAR and optical images are producing
multi scale landslide inventory maps to improve
mitigation. The availability of less than 3-m resolution
stereo images from SAR and optical are providing,
near air photo type geomorphic information on slopes,
for more reliable landslide inventory maps. Differential
InSAR and PSInSAR™/CTM are providing a useful
monitoring tool of various landslide processes under
different slope, moisture and lithological conditions.
Differential InNSAR techniques provide a rapid and
simple deformation activity of the geological process
and therefore are easily understood. The CTM/ PSIn-
SAR™ technique are providing more detailed and
accurate measurements because of a longer time series
acquisition (average 30 images) that are useful for
geotechnical investigations required for mitigation
measures. The integration of CTM/ PSInSAR™ and
in-situ measurements will continue to be an on going
process. Landslide prediction will continue to remain
complex and difficult even with ground monitoring
techniques. It is clear that both InSAR techniques
(differential and CTM/ PSInSAR™) are making sig-
nificant addition in monitoring seasonal slope activity
at high risk sites.

Remote sensing images are only used in a limited
way for landslide investigations, although its uses
are increasing. There are several challenges that
limit more uses, but these are gradually being
address. These include

e satellite images interpretation for landslide inven-
tory and monitoring requires is a high level of user
knowledge of remote sensing systems and image
processing techniques.

e InSAR deformation maps provide linear motion
at the line of site. Although this is very useful,
information, Landslide motion is very complex
with nonlinear vectors. Therefore, InNSAR techni-
ques do not provide the complete 3d motion.

o There is need for more integration of InSAR
results with ground measurements to improve
reliability. This is in part due to the fact that
most unstable slopes are generally not fully instru-
mented. Most high risk sites need an archive of
acquisition (average 30 images) which does not
exist in most cases.

e High resolution DEM is a requirement for
producing accurate InSAR measurements and
3d visualization images. Low resolution images
can cause phase unwrapping problems and
inaccurate results. Currently, high resolution
DEM does not exist on most sites. The increase
high resolution satellite images do require high
resolution DEM for InSAR processing and
visualization techniques.

e There is need for more frequent high resolution
revisits to monitor slope stability especially in
wet periods. Current revisit time for existing
SAR satellites is a serious gap to frequently
monitor all geohazard process including land-
slides. Rapid 1-3 days revisits will not be avail-
able until the next 3-5 years with the planned
launch of a series of SAR constellation such as
Cosmo SkyMED, RADARSAT Constellation,
and Sentinel.

o There is a need to standardize the InNSAR proces-
sing software to produce accurate results using
different satellite images. Commercial vendors of
InSAR software claim that their specific brand
is the best. Our tests have shown that InSAR
results for most simple subsidence sites are repro-
ducible. However, results for most slope stability
are not reproducible using different software on
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the same site. InSAR software developed at univer-
sity and government laboratories are restrictive. This
patchwork system is serious limiting the operational
uses of InSAR techniques to produce reliable results.

o As noted in Table 7.1, many SAR satellites do
have polarimetric capabilities mainly used to
characteriterize the morphological properties
of targets. Polarimetric scatter can also be used
to classify the textural properties of surficial
materials. Wet landslide materials generally have
poor coherence. There is therefore a need to inves-
tigate polarimetric InNSAR techniques to improve
motion measurements of wet slide materials.

e The uses of installed field corner reflectors are
increasing on remote vegetated sites. These cor-
ner reflectors are custom made for a particular
frequency and viewing geometry of a particular
satellite (e.g. Radarsat). There is a need to design
reflectors that are adaptable to various satellites
and adapted to various foundations such as per-
mafrost, rock, soft sediments.
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Huge Landslides Caused by Massive
Earthquakes and Long-Lasting
Geotechnical Risks

Konagai Kazuo, Johansson Jorgen, Takatsu Shigeki

and lkeda Takaaki

Abstract A massive earthquake often causes long-lasting geological issues, and
the May 12th 2008 Wenchuan Earthquake was no exception. To quickly cope
with ongoing problems, archiving past case histories is certainly necessary. This
paper provides case histories from the 2005 Kashmir Earthquake, Pakistan, and
the 2004 Mid-Niigata Earthquake, Japan, in which tho ough monitoring of
landforms has highlighted cause-and-effect sequence of events in the affected
areas, and provides a basis for the recommendation of effective rehabilitation.

Keywords Risk evaluation « Prediction « Monitoring « Precursor stage of landslide

8.1 Introduction

The May 12th 2008 Wenchuan Earthquake and its
aftershocks have sent huge amount of soil and rock
sliding down mountain slopes into rivers, creating
natural dams behind which lakes have been quickly
formed. These lakes have posed immediate danger
to people in lower reaches of these rivers. Even after
the immediate crisis is solved through quick stabili-
zation of the landslide masses and simultaneously
by implementing alarm systems, there will remain
huge amount of debris in mountains probably caus-
ing long lasting geotechnical issues.
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Both, the 1999 ChiChi earthquake, Taiwan, and
the 2005 Kashmir earthquake, Pakistan for exam-
ple, formed a great number of debris deposits
along their activated faults. Heavy rains in the
monsoon of 2006 that followed the Kashmir earth-
quake were responsible for raising river beds. At
Ghari Habibullah village, 4-5 km west of the
northern segment of the Muzaffarabad fault,
about 4-6 m of thick debris sediment was formed
at the exit of a canyon onto a flat plain along the
Kunhar river (Konagai et al., 2007). The ChiChi
earthquake was followed by a number of typhoons
in rapid succession. They included Toraji and Nari
in 2001, Mindulle and Aere in 2004. About 3.9
typhoons on the average over the past ten years
(1996-2005) have hit Taiwan, causing a three-fold
increased risk of debris flows. As a result of these
typhoons, increases of river bed elevations of
about 4-8 m have been reported (W.F. Lee, 2007,
personal communication).

To quickly cope with ongoing problems, archiv-
ing past case histories is certainly necessary. The
following case histories are presented.
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8.2 The Kashmir Earthquake
and Geotechnical Issues

A large devastating earthquake occurred in Kashmir
on Oct. 8,2005 at 8:50 (3:50UTC) local Pakistan time
with its epicenter located at a latitude of 34°29'35'N
and longitude of 73°37'44”E (Fig. 8.1). The depth of
the earthquake was estimated to be about 10 km with
a magnitude of 7.6. The earthquake killed more than
75000 people, most of which were on the Pakistani
side of Kashmir. About 2000 people were killed on
the Indian side of Kashmir.

Among many rehabilitation activities, Japan
International Cooperation Agency (JICA) has pre-
pared a rehabilitation and reconstruction plan for
Muzaffarabad, the capital city of Azad-Kashmir,
a self-governing state under Pakistani control. The
JICA master plan recommended locating open
spaces and expanding wider road networks to
make the area more resistant to future disasters,
by allowing easy and quick access to the area, and

Fig. 8.1 Epicenter of the
2005 Kashmir Earthquake
and fault traces (after
Nakata et al., 1991)

thus providing refugees with spaces for shelters
and necessary goods. However, as described in
the introduction, the urgent needs of Muzaffarabad
will be more related to geotechnical/geological
issues than the possible recurrence of a large
earthquake.

8.2.1 Hattian Balla Landslide

The earthquake triggered a huge landslide far up
in the Jehlum mountains. The huge landslide
mass of about 80 million cubic meters in estimated
volume, created a 137 m high natural dam block-
ing the water flow of two tributaries of the Jehlum
river, Karli and Tang, and thus building up a large
(Karli) and small (Tang) lakes behind the natural
dam (Figs. 8.2 and 8.3). The full capacity of the
smaller lake was quickly reached in February 15,
2005, while the full capacity of about 62 million m*
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Fig. 8.2 Satellite imageries
of Hattian Bala Landslide
mass at different times:

(a) Quickbird, 27/10/2005
and (b) TopSat, 02/10/2006.
Marks in photo (b) show
locations of landslides at
different times (Dunning

et al., 2007). White arrows
show the spillway

® 1992 and earlier landslides

A 2001 landslides

for the larger lake had been reached in April,
2007. Over-spilled water flowing down the land-
slide mass is permeating the debris mass, disap-
pearing in the middle of it, and again seeps out
near its toe.

Ermini and Casagli (2003) proposed that the
stability of a landslide mass can be evaluated with
a dimensionless blockage index (DBI):

DBI =log;g A x H/V (8.1)
where, A, H and V are the catchment area, dam
height and landslide mass volume, respectively.
Empirically landslide masses with DBI smaller
than 2.75 hardly fail. DBI for the Hattian Bala

(a) Quickbird (Date*27/10/2005)

# 4

SeeFig. 5

0
ya
4 Lake Tang

B 2005 earthquake landslides 0

500 1000m
% 2006 landslides
landslide mass is about 1.85, given 4 = 44.29

million m%, H = 130 m and ¥ = 80 million m>.

Thus the landslide mass does not seem to be in
imminent danger. However, some eye-witnesses
report that the toe part is changing gradually in
shape (Fig. 8.4), and the slow and steady change in
the landslide mass is to be watched with vigilance.
The authors have surveyed the landslide mass at
two different times in Nov. 2006 and Aug. 2007 to
see any change in the landslide mass. Immediately
after the first survey of 2006, the authors tried to
estimate overall permeability, which is closely
related to the porosity of the dam body, by making
use of inflow, outflow, and lake elevation data
from the report of the Water Power Development



162

K. Kazuo et al.

Fig. 8.3 Larger reservoir
(Lake Karli) behind Hattian
landslide mass (photos (a)
and (b) by Kodama
Hiroyuki, Tobishima
Corporation)

(a) May, 2006

(b) Sept., 2006

(c) November 15, 2006, view from opposite mountain side standing on debris that traveled
from the scarp side. Upper lakeisto the left in the photo.

Authority (WPDA hereafter): “Study of Hattian
Bala landslide”, and also by the measurement of
outflow, which the survey team members per-
formed (Fig. 8.5). In this figure, a stone thrown

Fig. 8.4 Measurement of
discharge seeping out from
the toe of the avalanche mass

o
g
-

onto a river surface induces a wave traveling in all
directions with a velocity, v, which is approxi-
mately given as a function of water depth /4 and
wave length A by:
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Fig. 8.5 Slight changes in
landforms near the toe of the
Hattian Bala landslide mass

15/11/2005 [F ¢

Jgh 2nh . o
=1/ Jtanh 2 with g = gravitational

2n I8 acceleration. (8.2)

A steady water flow of laminar features, u,
change its velocities in upstream and downstream
directions respectively to be:

Vp =V — U (8.3a)

and

Vdown =V + U, (83b)

Analyzing video images, A, vy, and Vo, were
obtained for estimating water depths / and there-
fore the discharge Q.

Two extreme scenarios were reported in their
provisional report. The first one assumed that the
entire landslide mass had homogeneous features
leading to both overestimation of the permeability
for the greater part of the landslide mass with
inclusion of finer grains and underestimation for
the coarse toe part of the landslide mass. If the
estimated porosity of the dam body is large, this
can indicate that future dam body settlements are

very likely; Settlements seldom occur evenly
rather, they are differential, leading to crack
development in the dam body and accompanying
potential water infiltration/leakage. On the other
hand, if the dam body is very impermeable the
lake behind the reservoir can be filled up quickly
causing the water to overspill and erode the land-
slide mass. Since the full capacity of the lake was
eventually reached in April, 2007, it is now appro-
priate to take the second scenario that follows
hereafter.

The second scenario was based on the WPDA
report, which strongly suggested that the toe part
has much larger permeability with larger boulders
and rocks segregated there. Figures. 8.6 and 8.7
show time histories of inflows, outflow through
the landslide mass, and lake elevations, respectively.
Outflow through the landslide mass increased sud-
denly on Jan. 11, 2006. At that time, the water level
for the larger lake was 1276 m, while the record for
the smaller lake was not available. The measure-
ment at the lower lake started on Jan. 23. Extrapo-
lating the steadily increasing trend back to Jan 11,
the water level of the lower lake on Jan. 11 was
estimated to be at around 1212 m. Discharge
through the landslide mass after Jan. 23 was see-
mingly coincident with the discharge flowing into
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Fig. 8.6 Discharges flowing 5

into small and large lakes
and through landslide mass E

—/\— discharge into small lake H

w

—@— discharge into large lake
—O— discharge through landslide mass
[

N
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either the larger or smaller lake. Due to segregation
of rocks and boulders, it is often that the shallower
part of a landslide mass has higher permeability
than that for its deeper part. This suggests that the
discharge through the landslide mass was directly
from either the larger lake water above 1276 m
elevation or the smaller lake water above 1212 m
elevation. After April 13, the outgoing discharge
was rather closer to that flowing into the smaller
lake. However, the discharge through the soil mass
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Fig. 8.7 Elevations of
waters of large and small
lakes dammed behind the
landslide mass
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was slightly larger than the inflow for the smaller
lake after March 20, and it is noted the water level of
the smaller lake had started to decrease steadily
after April 21, though the inflow discharge was
kept at around its maximum value of 1 m>/s. This
can be due to formation of water channels that
proceed upstream through voids of course granular
fabric, which have been originally filled up with
finer substances. The landslide mass was seemingly
changing its properties slowly but steadily.
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Table 8.1 §'®0 ratios for the water samples from Hattian
Balla landslide site

Location 8'%0 ratio (average)
Large lake 4.88
Spillway of large lake 5.09
Small lake 5.95
Spillway of small lake 6.39
Water from toe 5.70

Samples were taken on Aug. 23, 2007.

In the second survey of August 2007, samples of
waters were taken from both lakes and the stream
discharging out through the landslide mass in order
to estimate discharges through the debris mass from
large and small lakes. Table 8.1 shows §'%O ratios for
the water samples. The §'0 ratio shows the percen-
tage of stable isotopes of "0 to %0 in water, and
often used as a measure of the temperature of pre-
cipitation, and as a measure of groundwater/mineral
interactions. This variability arises due to the fact
that when water evaporates, the lighter molecules of
water—those with '®0 atoms instead of '*0—tend
to evaporate first, because of their lower mass.
Though the two lakes are closely located, there is a
clear difference in their 8'80 ratios. Assuming that
the greater part of the discharges are near the surface
part of waters stopped behind the landslide debris
mass, 8'%0 values from spillways may represents the
greater part of the discharges. Based on this assump-
tion, 53% and 47% of water discharges are estimated
from the large and small lakes, respectively.

Though the landslide mass is seemingly stable for
now, the above results suggest that change in the
landslide mass is being accelerated slowly and stea-
dily as the erosion goes on.

Fig. 8.8 Debris deposit
from activated fault in
Kashmir (Ghari Habibullah
village): White broken lines
show the activated fault in
the Oct. 8, 2005, Kashmir
Earthquake, Pakistan

- : i |mery (gIe earth)

It is therefore strongly recommended that the
following are monitored for the long term;

1) Total discharge through the landslide mass
monitored at the toe.

2) Upper stream discharges flowing into small and
large lakes, respectively,

3) Precipitations, and crack openings (if found to
be potentially dangerous).

8.2.2 Geotechnical issues of Candidate
areas for Satellite Towns

The Kashmir earthquake has formed a great num-
ber of debris deposits along the activated seismic
faults. The flushed debris have caused some river
beds to be raised several meters up, and were
responsible for serious destruction of some built-
up areas including Ghari Habibullah village,
4-5 km west of the northern segment of the Muzaf-
farabad fault (Fig. 8.8). Even within Muzaffara-
bad city, people living along valley on terraces
are suffering adverse effects due to debris from
mountains rising behind the activated Tanda
fault, causing their dwellings to be half and/or
entirely buried in debris (Fig. 8.9). People there
are to be evacuated.

Among options for rehabilitating Muzaffarabad,
one feasible idea will be to lay out satellite towns
outside the municipal boundary as described in the
JICA master plan. Staying away from unstable rims
of terraces, terraces will be appropriate locations for
developing satellite towns (Fig. 8.10).

o™ =
(b) Debris deposit
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Fig. 8.9 Debris deposit
from activated fault in
Kashmir (Muzaffarabad):
Black arrows show the
activated fault in the Oct. 8,
2005, Kashmir Earthquake,
Pakistan (photos provided
by Geological Survey of
Pakistan)

3

- (a) Debris sour

One difficulty will be the maintenance of roads,
which will have to cross deep gorges. Earthquake-
induced slope failures created debris deposits (which
can become source material) beneath the mountains
and during heavy rains further debris flows can
occur. These flows will most likely follow the gorges,
namely tributaries of the Jehlum and Nihlum rivers
crossing roads and thus suspending traffic.

Here follows a brief description of geological and
geo-technical features of some locations in these can-
didate areas for the Muzaffarabad satellite town.

8.2.2.1 Airport terrace
The Muzaffarabad airport is located at the southwest

end of a river terrace with NW-SE trending moun-
tains rising behind (34°20°21.02”N, 73°30’31.01”E).

e

N

v
ffarz _

Fig. 8.10 Candidate
relocation sites for
Muzaffarabad (after JICA/
ERRA, 2006)

ces exposed behind Mzaffarabad

A

(b) Houses half buried in debris '

This terrace starts fanning out at the toe of the
mountains, dipping slightly towards the Jehlum
river. Along both sides of the terrace, there are two
tributary rivers of the Jehlum down-cutting the ter-
race to the lower elevations. During the past heavy
monsoon rains, a huge amount of debris has been
carried along the south-eastern branch river (“Brora
Nara” in Urdo) with large stones segregated up
around its front. Figure 8.11 shows a remaining
front of the massive debris flow (N34°20°37.8”,
E73°30°57.6”). This latest debris mass is estimated
to have been flushed in the 1992 monsoon rains and
reached about 1 km away from the mountain toe. A
pile of large stones of about 0.5-1 m in diameter is
about 8-10 m high above the estimated original river
bed. Though the source of information is not clear,
there were remarkable debris flows in 1930, 1959 and
1992, roughly every 30 years at regular intervals. At

[ Wore— ]| Mep ] saiiiie ] Yerrain ]
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Fig. 8.11 Segregation of large boulders (N34°20" 37.8”,
E73°30° 57.67)

this point at the debris front, the river has been
eroding the southern cliff of the terrace to the level
lower than the estimated original river sediment sur-
face, probably because this side was easy to down-
cut. It is possible that terrace can be eroded deep
inland where large boulders were gathered. People
may have to set further back from the rim of the
terrace at these particular points.

At this point of terrace-side erosion, boulders,
stones and pebbles embedded in the purple-red
colored soil matrix exposed there make up a loose
granular fabric. Probably this soil matrix has less
inclusion of dolomite making it less weakly cemen-
ted than those in Muzaffarabad city. During rains,
waters flowing on the surface will erode its surface
gradually leaving gullies on its surface, and some
shallow stones embedded in the matrix will come
off. Erosion of the toe part of the terrace cliff can
trigger a cohesive slope failure as shown in Fig.
8.12(a). Once the soil mass has stopped the river,

Fig. 8.12 Slope failure near
the airport: The toe part of
the soil mass is half cut down
to lower elevation. When the
scratch develops all through
the soil mass, the slope
failure can be reactivated.

(a little downstream side of
N34°20” 27.5”, E73°30°
55.6”)

(a) Slope failure near the airport

the water behind the soil mass will overflow the
mass, and down-cutting will start to develop slowly
but steadily up through the soil mass. After the entire
deep gully is formed across the slipped soil mass, the
slope failure will be reactivated. If necessary, stabili-
zation of the slipped soil mass can be done by con-
structing a concrete spillway over the soil mass.

8.2.2.2 Kardala and Miani-Bandi Terraces

Figure 8.13 shows escarpments and cracks opened
behind the Miani-Bandi terrace. The uppermost length
crack extending across the mountains may suggest the
presence of a deep slip surface (either hidden fault or
deep landslide), while the others on the lower locations
suggest shallower slides. As a whole, the middle part of
the landslide mass is seemingly the thickest, immedi-
ately above the estimated original toe locations sug-
gesting the landslide mass can move as a coherent
body. A coherent soil mass can move much slower
and smaller distance than those disrupted. However,
continual movement of the mass may cause some
difficulty for maintaining lifelines crossing the land-
slide mass. If it is unavoidable to construct link roads,
water supply systems, etc. across this landslide mass,
careful prior monitoring will be a must. Seepage
points, which are often found around toe parts of
landslide masses, are to be mapped, and extensometers
are to be installed to monitor crack openings. Dwell-
ings are to be set back from the toe part.

8.2.2.3 Langapura Terrace

Along the lowermost ridge of the northwestern part
of the wide spread Langapura terrace near the

(b) Toe of the slipped soil mass half eroded
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Fig. 8.13 Cracks and
escarpments behind
Miani-Bandi terrace
(N34°20° 20.0”, E73°31”
10.57)

Jehlum river, round boulders are making up gran-
ular fabric (conglomerate) embedded in soil matrix
(Fig. 8.14). The presence of these round boulders
suggest that the terrace materials (boulders and
other suspended matters) have been carried by the
Jehlum River and deposited tightly. Along the riv-
erbed of a small river eroding shallow the terrace,
sub-angular to angular boulders were rarely found
suggesting that the amount of debris from moun-
tains rising behind to the east, is only a small quan-
tity. Therefore this area of the terrace is seemingly

(a) Langapuraterrace

Fig.8.14 Langapura terrace
(N34.318993°, E73.530429°)

stable with a less serious threat of debris flows etc,
and may be a possible location for developing a
satellite town.

The thick surface material at the top, near the
southern terrace rim, (Fig. 8.15(a)) includes a huge
amount of angular stones and rocks. At some loca-
tion, a thin silty layer of about 10 cm thickness was
bedding within (Fig. 8.15(b)). All these suggest that
the entire top surface mass at this part of the terrace
was debris carried over centuries from the moun-
tains behind, to the east. Some shallow surface

Fig. 12(b)

Wk
(b) small scratch across the teraace rim
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Fig. 8.15 Angular stone
fabric (N34.316228°,
E73.536258°)

failures along the terrace ridge suggest that the top
surface material can be easily broken when it is
soaked. Piles of fallen pieces of debris in repose line
the toe of the terrace, and reach several tens of meters
ahead over the lower terrace. This suggests that
houses on the lower terrace should be set back at
least this distance from the toe of the upper terrace.

There is a shallow-seated slope failure at a toe
slope of mountains to the east behind the terrace
(Fig. 8.16). There are some silty sand rocks with
some signs of slaking. A soil mass of fine granular
substances and pieces from these broken rocks can
be sticky and paste-like when wet, and slump down
towards the flatland of the terrace. Though

e C -
) |

(b) thin silt layer

catastrophic failure may not occur, construction of
houses and/or lifelines on these soil masses are to be
avoided.

8.3 Monitoring Landform Changes after
the October 23rd Mid-Niigata
Earthquake, Japan

An intense earthquake of magnitude 6.8 jolted
central Japan at 17:56 JST on October 23, 2004.
The hypocenter of the main shock was located at

Fig. 8.16 Shallow-seated slope failure at a toe slope of east mountains behind the terrace (N34.325555°, E73.539210°)
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Fig. 8.17 Active folding
zone jolted by the October
23rd 2004 Mid-Niigata
Earthquake with its
epicenter at a latitude 37°17 i
30’ N, and longitude at 138°
52" 20" E (after Konagai

et al., 2008)

of

anticline

Us: Marine silt, sand and gravel

W: Sandstone

Us: Massive mudstone

Ku,: Sandy mudstone

Kl: Sandstone inter-bedded
with mudstone

A: Dark gray massive mudstong.

37°17°18”N; 138°52’12”E, in mid Niigata Prefec-
ture, at a depth of 13 km (Fig. 8.17). The maximum
acceleration of 1500 cm/s® was recorded at Ojiya
K-net station which is about 10 km west of the
epicenter (National Institute of Earth Science and
Disaster Prevention, 2004). The main earthquake
was followed by a series of strong aftershocks in
rapid succession. These strong earthquakes had
focal mechanisms of reverse fault type with the
compression axes oriented NW/SE. The orientation
is consistent with the historical information of large
earthquakes in this area. The epicenters of the after-
shocks were distributed along the NNE and SSW
direction within a length of about 30 km immedi-
ately beneath the Higashiyama mountains zone.
This continual tectonic movement has formed
NNE-SSW-trending geological folds of sedimen-
tary rocks in the source region. Since the up-folded
rocks along anticlines have been expanded and
cracked over centuries, anticlines frequently have
their crests deeply eroded, with a number of debris
deposits rimming the eroded hollows. Large-scale
landslides are found even on gentle mountain sides
dipping towards synclines because their toes are
often deeply eroded by rivers. The region is thus
one of the most landslide-prone zones in Japan.

(4) Kajigane
syncline

(1) Higashiyama (2) Kompira (3) Toge
anticline syncline anticline

Some past earthquakes have shown that earth-
quakes in such active folding zones can trigger
long-lasting geotechnical rehabilitation issues. The
May 8th, 1847 Zenkoji Earthquake jolted the active
folding mountain terrain west of Nagano, central
Japan. In 1884, 37 years after the earthquake, a
crack near the southern summit of the Chausu-
yama twin peaks (Elevation 730 m, Location:
36°35’43”N, 138°06°32”E) began to open wide,
which was an early sign of a long-lasting landslide.
An 800 meter-long soil mass on the mountain-side
began to gradually change its shape, causing a small
village on its toe to rise up remarkably. After heavy
rains in 1930, the entire soil mass began to creep
down the slope exhibiting thick, wet and sticky
features, and the maximum speed of 93 m/year
was reached in 1932-1934. The slope was finally
stabilized in the 1970 s with a tremendous amount
of drainage works that were started in 1965 (Kato
and Akabane, 1986). With all similar examples
compiled in active folding zones, the quick stabili-
zation of slopes in the Mid-Niigata mountainous
terrain was considered to be a pressing need.

In addition to landslides, surface tectonic deforma-
tion is considered to have caused some problems for
rehabilitating the affected areas. As will be discussed
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hereafter, the tectonic movements have seemingly
caused the middle part of both the Shinano and
Uono rives to be raised upward by about 0.5-1.5 m.
Probably due to this tectonic deformation, the upper
stream reach of the Uono River was flooded in the
heavy rain of June, 2005, about eight months after the
earthquake. Therefore the first and essential step for
research to proceed and before any rational and scien-
tific discussions on remedial measures take place, the
procedure should be to separate soil deformations
caused by the tectonic movement of the active folding
zone from the overall soil deformations observed on
the ground surface.

To study landform changes, the authors have
gathered digital elevation models (DEM hereafter)
at 6 different times; (1) 1975-1976, (2) Oct. 24, 2004,
(3) Oct. 28, 2007, (4) May 2005, (5) May 2006, and
(6) May 2007 (JSCE Active folding Project, 2008).
Landform changes due to the earthquake are first
assessed. Interferometric Synthetic Aperture Radar
(InSAR) is one of the most advanced technologies
that can measure elevation changes with high preci-
sion (United States Geological Survey 2005). How-
ever, thick vegetation and thousands of landslides
have made fringe patterns too complicated for
extracting pure elevation changes (Ozawa et al.,
2005). Therefore, precise digital elevation models
(DEMSs, hereafter) before and after the earthquake
were obtained using stereoscopy and Laser Imaging
Detection and Ranging technology (LIDAR). The
DEMs were then compared to detect elevation

changes and translations of the topography. Lastly,
all the changes of landforms due to landslides are
excluded for detecting tectonic deformations of the
ground surface, which can be useful in estimating
the deformations of the internal soil deformations.

Figure 8.18 shows elevation changes for 11 x 7 km?
area of Higashi-yama mountains affected by the earth-
quake. Numerous amounts of dots with their eleva-
tions displayed with different colors are all arranged in
2 m by 2 m square. The result shows the elevation
changes in Eularian coordinates, namely, changes
observed from points fixed in space. Therefore they
are not identical to displacements of soil particles
(Lagrangian particles). Moreover, the -elevation
data from the 1970’s are from aerial photographs,
while the data for the post earthquake landforms are
obtained through laser-profiling from aircrafts. In
each method, careful data conditionings were made
to minimize systematic errors (Konagai et al., 2008).
The Lagrangian particle motions were obtained first
and then the elevation changes were compared at
several points of triangulations to verify the obtained
result.

Figure 8.19(a) and (b) show respectively horizon-
tal and vertical components of surface tectonic dis-
placements extracted from the DEMs. The target
zone may be slightly too small for discussing the
entire tectonic deformation that spreads beyond the
boundaries of the zone. It was, however, fortunate
that Shinano River Office, Hokuriku Regional
Bureau of the Ministry of Land, Infrastructure

Fig. 8.18 Elevation changes
between two digital elevation
models at two different
times, Oct. 24, 2004 and
1975-1976, respectively.
Warm colors (yellow, red
etc.) show increase in
elevation while cool colors
(green, blue etc.) indicate
decrease in elevation. See
legend

increase

| (m)

5
-~ decrease
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Fig. 8.19 Surface tectonic displacements (after Konagai
et al., 2008): The surveyed area is included in Zone VIII of
the Japanese National Grid System. NS and EW distances in
the above figures have their origins at the south-west corner
of Zone VIII located at 138°30°00”E, 36°00°00”N. Blue
arrows are benchmark displacements along the Uono River
measured by the Shinano River Office, Hokuriku Regional
Bureau, MLIT

and Transport (MLIT), has been measuring exact
locations of bench marks along both the Shinano
and Uono rivers on regular basis. Lateral and ver-
tical components of the bench marks’ displacements
due to the earthquake were also plotted on Figure
8.19(a) and (c), respectively. For the horizontal
components, there is a NNE-SSW trending belt
of large eastward movement to the west of and
along the Kajigane syncline. For the vertical

components, it is notable that there are two areas
in the target zone, which have been pushed up by
0.5-1.5 m (Fig. 8.19(b)). The most remarkable hump
spreads wide across the southwestern part of the
target zone where the Uono river joins the Shinano
River.

The Uono River, after flowing straight west
through a flat wide spread valley of Horinouchi,
meets the sedimentary silty sand rock ridge of Cen-
ozoic Era. The river then abruptly changes its direc-
tion, from SE-NW to NE-SW, along this rock ridge,
making a sharp down-folded bend. Then it forces its
way through the narrow and lowest points among
the mountains making a sharp up-folded bend. On
the geological map of this area (Yanagisawa et al.,
1986), the approximately 2 km-long stretch of the
Uono River between these two bends continues
straight to both the Kajigane and the Kodaka syn-
clines at its north and south ends, respectively, sug-
gesting that this 2 km-long stretch of the river is a
part of the large Kajigane syncline.

Areas along the upper reach of this part of the
Uono River were flooded due to heavy rainfall of
June 27-28th, 2005, about 8 months after the earth-
quake (Fig. 8.20). Assuming that the same amount
of water in the 2005 rain flowed down the Uono
River as existed before the earthquake (ignoring the
landform changes caused by the Chuetsu earth-
quake), possible water depths at all bench marks
along the 57.5 km-long flooded zone (from BM
No. 15 at 37°15’59”N, 138°51’44”E, to BM No.
72.5 at 37°15°33”N, 138°54°00”E) were estimated
by using the Manning empirical equation. For this
estimation, precise dimensions for the river cross-
sections and inclinations at all benchmarks before
and after the earthquake were provided by the Shi-
nano River Office, Hokuriku Regional Bureau of
the Ministry of Land, Infrastructure and Transport
(MLIT).

Solid circles in Fig. 8.21 show the actual water
levels at all bench marks reached in the 2005 flood,
while open circles show virtual water levels calcu-
lated for the Uono River as it existed before the
earthquake. At almost all points, the virtual water
levels are lower than those reached in the 2005 real
flood. Actual water levels were higher than the
high water levels (HWL) at bench marks # 37.5,
#52.5and # 62.5, while virtual water levels at these
points do not reach the high water levels. This
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Fig. 8.20 Flooding of Uono
River on June 28, 2005
(Konagai et al., 2008)

A S~ ¥

(a) Flooded farm lands (data provided by the Hokuriku Regional Agricultural Administration

£ v b

Office, Ministry of Agriculture, Forestry and Fisheries, and Uonuma City): Benchmark numbers
correspond to those in Fig 8. 22

(b) Flooded area near Benchmark No. 42.5km (Photo by Kotagjima, S.)

figure thus suggests that there was a cause-and-
effect relation between the earthquake-induced
tectonic deformation and the flooding of June,
2005.

The landforms in the target zone have changed
largely due to the earthquake. However, the land-
forms excluding those due to rehabilitation works
have shown little change since then. This was prob-
ably due to the fact that about 10 billion JPY was
spent over 3 years to stabilize landslide masses on
the front by means of constructing concrete-faced
spillways. Post-earthquake DEMs at different times

show the stabilization works were sequentially fol-
lowed by reconstructions of road networks and then
farm lands (Fig. 8.22).

8.4 Disclosing Digitally-Formatted
Borehole Data

In addition to monitoring landform changes, it will
merit the whole society to compile all available and
reliable borehole data and disclose them. Though
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Fig. 8.21 Actual water 80 —
levels at all bench marks
reached in the 2005 flood,
and the virtual water levels
for the Uono River as it 1
existed before the
earthquake (Konagai et al.,
2008)
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Fig. 8.22 Digital elevation
models of the Terano
landslide and its vicinity at
different times: The area was
devastated by the October
23rd 2004, Mid-Niigata
Earthquake. Green colors on
mountain slopes show that
they are being eroded
gradually, while the water
that had carried soils and
other suspended matters was
stopped behind the landslide
mass at Terano. The
landslide mass was
successfully stabilized by
constructing a concrete-
faced spillway over it. (JSCE
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some soil databases are available in some countries,
they were mostly developed for mining industries.
For disaster prevention, Taiwan became a pioneer
for developing and disclosing soil data after the
ChiChi earthquake of 1999. In Japan, Ministry of
Land, Infrastructure and Transport (MLIT here-
after) is starting a project for disclosing digitally-
formatted borehole data. An advisory committee
(Chairman; Konagai K., IIS, University of Tokyo)
has been organized for this objective. There are two
major data sources that can be a platform for the
system. They include:

(1) TRABIS (Technical Report and Boring Infor-
mation System)

The original system dates back to the late 1980’s. In
1986, it became a must for all trustees of the Minis-
try of Public Works (MPW, one of two predecessors
of MLIT) projects to deliver borehole data written
on prescribed sheets. The data delivered were then
digitized and kept at the MPW computer center.
The system was largely updated in 1994 in such a
way that all trustees deliver their data on floppy
disks following the prescribed format. The most
updated format is available on the web. So far,
information about 100,000 boreholes have been
gathered.

(2) In 1984, Port and Harbor Research Institute of
the Ministry of Transport (MT, another predeces-
sor of MLIT) started to collect borehole data, in
order to provide important pieces of information
for constructing ports and harbors. Microsoft
Access has been the platform for this database. A
total of 28,300 boreholes are now available on the
database.

8.5 Summary

Rehabilitation issues often attract less attention
than issues that arise in the immediate aftermaths
of earthquakes, and have never been given promi-
nent coverage by news media. However, the Kashmir
earthquake of 2005 has left a huge landslide mass
in the upper stream reach of the Jhelum River,
damming a total 62 million m® water behind it.
The landslide mass is seemingly changing its per-
meability, which may cause slow and steady

change in its rock/soil fabric. It is therefore man-
datory to monitor any change in the landslide mass
so that we should not miss any danger sign. The
earthquake also formed a great number of debris
deposits that may become future debris sources
along the activated seismic faults. Heavy rains in
the monsoon of 2006 that followed the earthquake
of 2005 were responsible for raising river beds.
Even within the city of Muzaffarabad, people liv-
ing along valleys with gullies in the terraces are
suffering from debris from mountains rising
behind, with their dwellings being half and/or
entirely buried in debris.

Among options for rehabilitating Muzaffarabad,
one feasible idea will be to lay out satellite towns
outside the municipal boundary as described in the
JICA master plan. Staying a short distance away
from unstable rims of terraces will allow terraces to
be appropriate locations for developing satellite
towns. One difficulty will be the maintenance of
roads, which will have to cross deep gorges. During
heavy rains further debris flows can occur. These
flows will most likely follow the gorges that are
tributaries of the Jehlum and Nihlum rivers crossing
roads and suspending traffic. Clearing debris
remaining on the roads would be just a stopgap.
By means of connecting existing roads point-wise
by constructing new bridges etc, a cost-effective
bypass can be constructed allowing bi-directional
traffic to be realized.

To map out a rational tactics for rehabilitations,
it is of essence in order to have a clear perspective for
dealing with long-lasting landform changes. For
example the Zenkoji Earthquake, which occurred
in the central part of Japan in 1847, indicates that
an earthquake can cause extremely long-lasting geo-
technical hazards. For this, monitoring landforms at
different times is strongly recommended. In addition
to monitoring landform changes, it will be beneficial
if the whole society find ways to compile all available
and reliable borehole data and disclose them.
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The Increasing Wildfire and Post-Fire
Debris-Flow Threat in Western USA,
and Implications for Consequences

of Climate Change

Susan H. Cannon and Jerry DeGraff

Abstract In southern California and the intermountain west of the USA, debris
flows generated from recently-burned basins pose significant hazards. Increases
in the frequency and size of wildfires throughout the western USA can be
attributed to increases in the number of fire ignitions, fire suppression practices,
and climatic influences. Increased urbanization throughout the western USA,
combined with the increased wildfire magnitude and frequency, carries with it the
increased threat of subsequent debris-flow occurrence. Differences between rain-
fall thresholds and empirical debris-flow susceptibility models for southern
California and the intermountain west indicate a strong influence of climatic
and geologic settings on post-fire debris-flow potential. The linkages between
wildfires, debris-flow occurrence, and global warming suggests that the experi-
ences in the western United States are highly likely to be duplicated in many other
parts of the world, and necessitate hazard assessment tools that are specific to
local climates and physiographies.

Keywords Debris flow « Hazards  Risk ¢ Climate change « Western USA -
Southern California » Intermountain west USA

9.1 Introduction is particularly well understood (Wells, 1987). There
are several reasons for the commonly referred to
“fire and flood cycle” in this area (Kotok and
Kraebel, 1935). Southern California is within the

Mediterranean climate chaparral biome. Conse-

An association between debris-flow occurrence and
recent wildfire in mountain watersheds was recog-
nized in southern California and northern Utah in

the 1930s and 1940s (Eaton, 1935; Bailey et al.,
1947). Southern California (USA) is an area where
this relationship between wildfires and debris flows
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quently, it experiences wildfires nearly every year
with most of them taking place immediately before
the winter rainy season (Wells, 1987). Much of
the burned area is on steep, brush-covered slopes
drained by equally steep, short channels which
facilitate debris flow occurrence.

The study of debris flows and wildfire received
much of its continuing emphasis because of the dra-
matic increase in population and urbanization in
southern California beginning during World War 11
and continuing to present. This placed many more
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people and ever greater amounts of property and
infrastructure at risk from both wildfires and any
subsequent debris-flow activity. However, due to the
combination of population growth and increased
wildfire occurrence and size throughout the western
USA, the concern for risk from both wildfires and
subsequent debris flows is no longer limited to south-
ern California.

The purpose of this paper is to examine the rela-
tions between population growth, increased wildfire
magnitudes and frequencies, climatic variability
and debris-flow generation, to describe some of
the tools presently available to assess the associated
debris-flow hazards, and to consider the potential
implications of climate change on these relations.
Population growth has placed many more people,
property and infrastructure at risk throughout the
western USA. Coincident with population growth,
wildfire occurrence and size is increasing in the
western United States. Although this may reflect an
increased probability of anthropogenically-caused
wildfire (e.g. arson, downed power lines, car fires,
etc.), we also describe how, in some settings, past fire
suppression policies that have lead to greater natural
fuel availability. Climatic variation may also have a
role in increasing forest vulnerability to more frequent
and bigger wildfires. Regardless of the specific impor-
tance of these factors, greater wildfire frequencies
result in increased likelihood of precipitation-induced
debris-flow events in recently burned areas.

To reduce the risk to the public, it is crucial to more
effectively identify where post-wildfire debris flows
might occur and the rainfall conditions that may
trigger these events. These predictions are necessary
to effectively allocate limited financial resources for
warning and protective measures over large poten-
tially affected areas. Tools to predict when within a
storm debris flows might occur, the probability that a
given drainage basin will produce a debris flow, and
the potential volume of the event in southern Califor-
nia and the intermountain west, USA, are described.

Recognition that climate oscillations on interann-
ual and decadal time scales influence wildfire occur-
rence and size has implications for debris flow risk.
Debris flows will be more likely during time when
climatic variation promotes greater likelihood for
large stand-replacing wildfires. This effect suggests
that debris flow risk might also be influenced by global
warming. Less clear is whether global warming will

affect the number or strength of storms that carry the
potential for triggering debris flows.

9.2 Wildfire and Debris Flow Coincident
Hazards

Wildfire represents a distinct natural hazard with
many immediate and disastrous consequences. By
the 1920s and 1930s, it appears that the dual dis-
aster of post-wildfire flooding was being recognized
in southern California (Wells, 1987). Eaton (1935)
was one of the earliest southern California research-
ers to correctly recognize that some of what being
described as flooding was actually the occurrence of
debris flows, as described in his account of the
January 1, 1934 event that affected the Los Angeles
Basin towns of Montrose and La Crescenta. Wells
(1987) notes the failure by later researchers to cor-
rectly identify debris flows even while accurately
describing that phenomenon. By the 1970 s, research-
ers began to more fully recognize the hazards asso-
ciated with precipitation-induced debris flows from
recently burned areas (Scott, 1971; Wells, 1981,
1987). As such, agencies and scientists involved in
post-wildfire emergency response now incorporate
methods for assessing debris-flow potential into
their evaluations (DeGraff and Lewis, 1989; DeGraff
et al., 2007).

The local population understandably feels the
worst is over if a wildfire is prevented from burning
over their homes and communities. This was espe-
cially true in southern California in October 2003.
More than 4,220 homes were destroyed by wildfires
that year, and nearly all of them were in southern
California (Radeloff et al., 2005). However, that
wasn’t the end of the saga. Debris flows were trig-
gered from many of the basins that had been burned
by the Old and Grand Prix Fires in response to a late
December 2003 storm event. Debris flows from two
basins were responsible for the deaths of 16 people
and costs for clean up and infrastructure repair were
reported in the billions of US dollars (P. Mead
personal communication, 2004). The often short
time period between fire containment and storms
that trigger debris flows adds a significant challenge
to agencies and scientists responsible for protecting
the public from these types of events. In addition to
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the lack of expectation, a second deceptive aspect of
post-wildfire debris flows is that they can cause
damage several kilometers from the actual fire
boundary. While it is the effect of the wildfire on
the vegetation and soil within the burned watershed
that enables a debris flow to occur with the right
triggering storm event, they can travel significant
distances from their origin. A third characteristic
that makes debris flows a significant concern is
their speed in covering those distances. The debris
flow impacting Camp St. Sophia, which was respon-
sible for the greatest number of deaths, was esti-
mated to be moving at about 4 m/s at the time of
arrival (DeGraff et al., 2007) (Fig. 9.1).

A debris flow is composed of a slurry of finer-
grained particles with large rock fragments includ-
ing large boulders and woody debris entrained
within it (Costa, 1984). Because debris flows are
more viscous than flood waters, it maintains a rela-
tive coherent mass (Costa, 1984). The leading edge
of the debris flow is typically a bouldery snout
followed by a more viscous body that transitions
to a very muddy water flow as it passed down a
channel. Debris flow damage occurs by drag, buoy-
ancy, lateral impact or burial (Campbell, 1985).
Damage resulting from drag takes place as it passes
by building foundations or bridge abutments.

Fig. 9.1 Debris-flow
damage at Camp St. Sophia
in southern California.
Fourteen people were killed
at this site when the building
they were taking shelter in
(of which the rectangular
concrete foundation in
photo center remains) was
swept away by the debris
flow

A frictional and differential pressure is exerted
that can displace the structure. Buoyance damage
results from the debris flow entraining an object like
a vehicle or lifting a bridge off its foundation and
rafting it to another location. Lateral impact pri-
marily is damage inflicted by the large boulders or
woody debris battering into structures or other
obstructions within the debris flow path. Burial is
common in low-gradient, wider reaches of the chan-
nel or in the runout area of the debris flow. Objects
and structures within the runout area where the
debris flow comes to rest may be partially or com-
pletely buried (Fig. 9.2). Levee deposits along the
lateral margins of the debris-flow path more com-
monly cause partial burial.

While southern California may be widely recog-
nized as a location where wildfires and debris flows
commonly occur, many other parts of the western
United States are subject to this combination of
hazards. On September 1-2, 1994, debris flows
were triggered in the recently burned watersheds
on Storm King Mountain, Colorado in response
to a torrential downpour (Cannon et al., 2001).
Flows issued from fifteen channels onto or near
Interstate Highway 70 trapping or engulfing thirty
vehicles. Two people traveling with these vehicles
were swept into the adjacent Colorado River
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Fig. 9.2 House damaged by
debris flow generated from
2002 Missionary Ridge Fire
in southwest Colorado
(USA)

resulting in their sustaining serious injury. Between
2000 and 2004, twenty-six debris flows were gener-
ated from seven wildfire areas in northern Utah
(Giraud and McDonald, 2007). Major damage to
five houses and minor damage to 27 others inflicted
losses amounting to $500,000. Many of the basins
burned by the Missionary Ridge and Coal Seam
Fires in 2002 in Colorado responded to a series of
summer thunderstorms by generating damaging
debris flows (Cannon et al., 2003) (Fig. 9.2). In the
Sierra Nevada of California, burned watersheds
upslope from El Portal, a gateway community to
Yosemite National Park, generated several debris
flows in March 1991. Major damage was avoided
partly because debris flow protective measures had
been installed (DeGraff, 1994).

9.3 Increasing Threats

9.3.1 Expanded Urbanization

Among the geographic regions of the United States,
the Federal government controls a much higher pro-
portion of land within the western United States. It
includes land designated as national parks, national

forest, set aside as military reserves and land managed
by the Bureau of Land Management. For example,
these Federally-managed lands represent just a little
more than 67% of the State of Utah. Consequently,
the booming population growth occurs on the border
of these undeveloped or wildland areas. Within in the
last decade the term wildland-urban interface, has been
coined to describe this urban and suburban develop-
ment in or near wildland vegetation (Fig. 9.3). It is
recognized as a focal point for a number of environ-
mental issues, including increasing property losses to
wildfires (Radeloff et al., 2005).

In addition to southern California, other parts of
the western United States experienced population
growth for a number of diverse reasons ranging
from a burgeoning elderly population attracted to
the warm, sunny Southwest to a better quality of life
that coupled wide open spaces with increased recrea-
tional and employment opportunities. Between 1900
and 1990, the population of the southwestern United
States (California, Nevada, Utah, Arizona, New
Mexico and Colorado) increased by about 1,500%,
while during the same period, the population in the
entire United States only grew by 225% (Chourre
and Wright, 2005). This has resulted in development
patterns similar to southern California arising along
the Wasatch Front in Utah, around Reno and Las
Vegas, Nevada, the Colorado Front Range and the
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Fig. 9.3 Map of 2000 Wildland-Urban Interface in western U.S. (From Radeloff et al 2005)

Phoenix, Arizona and Albuquerque, New Mexico
metropolitan areas (Fig. 9.4).

9.3.2 Increased Wildfire Frequency
and Magnitude

The increase in wildfire occurrence is likely related
to population. Radeloff et al. (2005) note human-
caused fire ignitions are most common in the wild-
land-urban interface. As a recent example, they
point out that human-caused ignitions were respon-
sible for 43% of the fires during the record-setting
2000 wildfire season. There are many more opportu-
nities for fire ignition with increased population dur-
ing the dry, hot periods when vegetation is most
vulnerable. Sparks from engines and activities such
as welding, carelessness with fire from cigarettes
to barbecues and fire setting by true arsonists to
children experimenting with matches or fireworks
are all more frequent occurrences with greater

population. However, increased fire ignitions do not
consistently account for the observed increase in
number or size of destructive wildfires. For example,
Keeley et al. (1999) contend that in the shrubland of
southern California, any increase in fire starts has
been largely offset by effective fire suppression.

The expansion of the wildland-urban interface and
its attendant increase in population can affect the size
of wildfires. Fighting wildfires tactically involves con-
taining the fire to prevent it from growing larger and
then controlling it until the wildfire is extinguished
from a lack of fuel or application of retardant or
water. Firelines are built by hand and machine to
remove a swath of vegetation around the fire to deny
it access to an additional fuels (Fig. 9.5). Fireline
effectiveness during containment is increased by start-
ing backfires to widen them. In a formerly rural area
of scattered individual structures or small clusters of
homes, it was possible to establish firelines across a
broad front with little property loss. Urbanization
limits the location of firelines and leaves far more
property at risk. Keeley et al. (1999) note that the
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Fig. 9.5 Fire line used for fire control of the 2007 Day Fire in
the Topatopa Mountains of southern California. Dust rises
from post-fire rehabilitation activity by large excavators

expansion of the urban-wildland interface makes it
more and more difficult to put measures in place
that would limit California shrubland wildfire from
becoming larger and increasingly destructive.

Increased wildfire occurrence and size has another
human component as well as a natural one. Over the
last 80 years, suppression of wildfires was the com-
mon practice on national forests and other Western
wildlands under both Federal and State control. This
included fires triggered by both natural and human
causes. The role of fire as a natural component of
forest ecology was fully understood in only the last
few decades. While efforts are being made to reintro-
duce fires as a frequent and natural aspect of these
forest ecosystems, it is made difficult by the build
up of fuels, (e.g. fallen woody material), resulting
from previous suppression activities and grazing
(Minnich, 1989; Allen et al., 1996; Grissino-Meyer
et al., 2004). When fires occur in areas with heavy
fuel loads, they are much more conducive to large
and intense wildfires. This effect varies in importance
among different wildland ecosystems within the
western United States. While Grissino-Meyer et al.
(2004) demonstrated that changes in forest species
and density attributed to fire suppression result in
increased fire frequencies and extents in southwes-
tern Colorado, build up of high fuel loads, and long
return intervals for large, intense fires, is expected in
the Lodgepole Pine forests of northwestern Montana
(Kauffman, 2004). Allen et al. (1996) found that the
introduction of grazing animals in southwest USA
Ponderosa Pine forests removed the fine fuels that
carried frequent, low-intensity fires which served to
prevent accumulations of significant fuel loads, and
thus resulted in a changed the fire regime. However,
Keeley and Fotheringham (2000) used historical
records to demonstrate that the natural fire regime
of southern California chaparral ecosystems in the
past is little different from today. It remains domi-
nated by wildfires driven by intense Santa Ana wind-
storms. Therefore, fuels treatments that might reduce
fuel loads in northern Montana forests would be less
likely to have the same beneficial results in southern
California chaparral ecosystems.

The natural component responsible for periodi-
cally greater wildfire activity is climate. A number of
studies have demonstrated how variations in climate
resulting from atmosphere-ocean interactions influ-
ence fire occurrence and severity. In the southwestern
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United States, large areas are burned after dry
springs associated with the La Nina or high phase
of the El Nifio-Southern Oscillation (ENSO) phe-
nomena in the Pacific Ocean. This association was
evident from fire scar and tree growth chronologies
covering the period of 1700-1905 and extended to
1985 by fire statistics (Swetnam and Betancourt,
1990). Their research showed large fires associated
with deficient spring precipitation and reduced tree
growth tied to the high phase of the ENSO. Fires
over a large area were found to be synchronous in a
manner which implies a greater control by seasonal
climatic influence rather than just fire weather.

Similarly, the occurrence of large wildfires in
northern California and Oregon reflect the influ-
ence of the ENSO and the Pacific Decadal Oscilla-
tion (PDO). Trouet et al. (2008) were able to link
these synoptic-scale circulation patterns to inter-
annual variations in specific fire weather indices.
These indices are associated with fires becoming
large or showing erratic behavior. Synoptic-scale
circulation conditions that induce low atmospheric
stability and humidity moisture levels produce high
indices associated with widespread wildfires.

Westerling et al. (20006) see climate as the principle
force behind wildfire risk at the interannual to decadal
scales. Their conclusions are that climate variability at
the interannual scale influences how flammable the
forest fuels are when an ignition occurs. This would
include both dead and live vegetation within the for-
est. These results are consistent with the findings of
Trouet et al. (2008). Climate acting on a decadal
scale alters the structure of vegetation communities
(Westerling et al., 2006). Fuel continuity and drought
tolerance of dominant species are identified as signi-
ficant components affecting fire regime responses.

On these same interannual timescales affecting
fire occurrence and severity, there is a connection to
fire-related geomorphological events Pierce et al.
(2004). Dating of fire-related sediment deposits on
alluvial fans suggests that shifts in fire regimes also
changed fire-related geomorphological events. In
the western Ponderosa forests and subalpine forests
of Yellowstone National Park, their data suggests
that warmer periods experienced severe droughts,
stand-replacing wildfires and large debris-flow
events. Therefore, the increased threat of more and
larger wildfires carries within it the increased threat
of subsequent debris-flow occurrence.

The increased risk of wildfire-related debris flow
highlights the need for methods to quantify the
potential hazards posed by debris flows produced
from burned watersheds. Science-based informa-
tion on post wildfire debris-flow hazards is neces-
sary to mitigate the impacts of fire on people and
their property, and on natural resources. To reduce
risk, it is crucial to more effectively identify the
rainfall conditions that may trigger debris flows,
where they might be generated, and how big they
might be. Identification of potential debris-flow
hazards from burned drainage basins is necessary
to develop effective and appropriate mitigation
strategies and decisions regarding emergency warn-
ings, evacuation timing, and routes. Application of
predictive models before the occurrence of wildfires
can help identify potentially hazardous drainage
basins and thus direct planning and use strategies
for forests and areas slated for future development.

Tools for Assessing Debris-Flow Hazards from
Recently Burned Areas

9.3.3 Rainfall Conditions and Intensity-
Duration Thresholds

Debris flows generated during rain storms on
recently burned areas have destroyed lives and
property throughout the Western USA. Definition
of the rainfall conditions that triggered these events,
and of the rainfall intensity-duration threshold con-
ditions for their occurrence, is a critical first step in a
hazard assessment. Field evidence indicates that
unlike landslide-triggered debris flows, these events
have no identifiable initiation source and can occur
with little or no antecedent moisture (Cannon et al.,
2008). In addition, the great majority in the flows is
derived from channel erosion and incision, rather
than from an initial landslide event (Santi et al.,
2008). Given these physical differences, rainfall
and threshold conditions will be different from
those that trigger landslide-triggered debris flows
in a given location. Using rain gage and response
data from five fires in Colorado and southern Cali-
fornia, Cannon et al. (2008) documented the rainfall
conditions that have triggered post-fire debris flows
and developed empirical rainfall intensity-duration
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Fig. 9.6 Maps showing locations of fires in the study by Cannon et al. (2008)

thresholds for the occurrence of debris flows and
floods following wildfires in these settings (Fig. 9.6).
Debris flows were produced from 25 recently
burned basins in Colorado in response to 13 short-
duration, high-intensity convective storms. Debris
flows were reported after as little as six to 10 min of
storm rainfall. About 80% of the storms that gen-
erated debris flows lasted less than three hours, with
most of the rain falling in less than one hour. The
debris-flow triggering storms ranged in average
intensity between 1.0 and 32.0 mm/h, and had
recurrence intervals of two years or less. Threshold
rainfall conditions for floods and debris flows suffi-
ciently large to pose threats to life and property
from recently burned areas in south-central, and
southwestern, Colorado are defined by:

I=6.5D77 .1

and

I=9.5D""7

©9.2)

where I = rainfall intensity (in mm/hr) and D =
duration (in hours). These thresholds define storm
conditions with 2-year, or less, recurrence intervals.
The threshold for southwestern Colorado is slightly
higher than that for south-central, reflecting the larger
and lower gradient drainage basins in the southwest.

Debris flows were generated from 68 recently
burned areas in southern California in response to
long-duration frontal storms (Cannon et al., 2008).
The flows occurred after as little as two hours, and
up to 16 h, of low intensity (2—10 mm/h) rainfall. The
storms lasted between 5.5 and 33 h, with average
intensities between 1.3 and 20.4 mm/h, and had
recurrence intervals of two years or less. Threshold
rainfall conditions for life- and property-threatening
floods and debris flows during the first winter season
following fires in Ventura County, and in the San
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Bernardino, San Gabriel and San Jacinto Mountains
of southern California represent recurrence intervals
of less than or equal to two years and are defined by:

I=125D%, 9.3)

and

I=72D%, 9.4)

Threshold conditions change with vegetative
recovery and sediment removal following a wildfire.
A threshold defined for flood and debris-flow con-
ditions following a year of recovery for the San
Bernardino, San Gabriel and San Jacinto Moun-
tains of:

[=14.0D7% 9.5)
is approximately 25 mm/h higher than that devel-
oped for the first year following fires (Cannon et al.,
2008).

The thresholds defined by Cannon et al. (2008)
are significantly lower than most identified for
unburned settings (Fig 9.7). This difference can be
attributed to the differences between extremely
rapid, runoff-dominated processes acting in burned
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Fig. 9.7 Rainfall intensity-duration thresholds in Cannon
et al. (2008) compared with a compilation of worldwide,
regional, and local thresholds by Guzzietti et al. (in press);
(http://rainfallthresholds.irpi.cnr.it/) — black lines. Old and
Grand Prix Fire — dark blue line; Coal Seam Fire — red line;
Missionary Ridge Fire — orange line; Piru Fire — light blue line;
second winter following fire — violet line

areas and longer-term, infiltration-dominated pro-
cesses on unburned hillslopes.

This work illustrates three important points regard-
ing the rainfall conditions that trigger debris flows for
recently burned areas. Both convective thunderstorms
and longer-duration synoptic storms can trigger debris
flows from susceptible recently burned areas, and the
conditions that result in debris flows are frequently
occurring, or low-recurrence interval (<2 to 2 year)
events. In addition, the conditions that trigger debris
flows from recently burned areas vary considerably
both within and between different climatic settings,
indicating the necessity of separate thresholds for dis-
tinct geologic and climatic settings.

Based on the assumption that rainfall character-
istics are the primary drivers of a post-wildfire runoff
response, the thresholds presented here can provide
guidance for rudimentary warning systems and plan-
ning for emergency response in similar settings.
However, rainfall thresholds alone are not able to
provide information on specific areas that are likely
to experience post-fire debris flows or the size of
potential events.

9.3.4 Debris-Flow Probability
and Volume Models

A set of empirical models have recently been devel-
oped to estimate the probability of post-wildfire
debris-flow activity and the volume of the response
(Gartner et al., 2008) for both basins within the
inter-mountain west and southern California.

A pair of models that calculate, for a given rain-
fall event, the probability of debris-flow production
from individual drainage basins were developed
using logistic regression analyses of a database
from 388 basins that were burned by 15 recent
fires located throughout the U.S. Intermountain
West, and a separate database of information for
37 basins in 13 recent fires in southern California
(unpublished data). The database used to develop
the models consists of a set of potential explanatory
variables that characterize runoff processes in
burned basins (e.g. Moody et al., 2008; Beven,
2000). These variables include different measures
of basin gradient, basin aspect, burn severity distri-
bution within the basin, soil properties, and storm
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rainfall conditions in basins that were characterized
either as having produced debris flows, sediment-
laden floods, or having a negligible response.
The statistical analysis consisted of building the
model with the strongest predictive capability from
the potential explanatory variables. The models
describe debris-flow probability in the form

P=¢"/l+e", (9.6)
Where P is the probability of debris flow. For the
intermountain west,

x=—0.740.03(%As)—1.6(R)+0.06(%Bir)
10.2(C) —04(LL) +0.07(1),
9.7)

where % A3, is the percentage of the basin area with
gradients greater or equal to 30%, R is basin rug-
gedness (calculated as the change in basin elevation
divided by the square root of the basin area
(Melton, 1965)), % B+ s 1s the percentage of the
basin area burned at a combination of high and
moderate severity, C is the soil clay content (in
percent), LL is the soil liquid limit, and 7 is average
storm rainfall intensity (in mm/h). A model sensi-
tivity (the percentage of basins known to have pro-
duced debris flows that are predicted by the model
to have a probability of occurrence greater than
50%) of 44% was calculated for this model. Com-
parison of the p-values of the independent variables
indicate that basin ruggedness and the percentage of
the basin burned at high and moderate severity have
the largest effect in the model.
For southern California,

x=-208+16(InE)+0.1(S)— 0.7(InL)
+0.04(%By)—0.2(C)+7.24(0) + 2.5(Inl;),
(9.8)

where E is the basin relief (in m), S is the average
basin gradient (in percent), L is basin length (in m),
% By 1s the percentage of the basin area burned at
high severity, C is the soil clay content (in percent),
O is the percent soil organic matter (by weight), and
I; is the peak three hour rainfall intensity (in mm/
hr). Model sensitivity is 76% and, in contrast with
the intermountain west model, the peak three hour
rainfall has the largest effect.

The differences between the controlling variables
in the intermountain west and southern California
models point to the effects of local climatic and
physiographic setting on post-fire debris-flow sus-
ceptibility. To adequately characterize the hazards,
it is necessary to develop models that are specific to
each setting.

Models for estimating the volume of material
that may issue from a basin mouth, for a given
rainfall event, in the U.S. Intermountain west and
southern California were developed by Gartner
et al. (2008) using a series of multiple linear regres-
sion analyses on a database from 50 basins burned
by eight fires located throughout the western U.S.,
and a separate database consisting of information
from 25 basins burned by seven recent fires in south-
ern California. In addition to measures of the
volume of material either eroded from the channel
network or deposited in a debris basin, the data-
bases include the same independent variables as do
the probability databases. The statistical analysis
consisted of building the model with the strongest
predictive capability from each of the two data-
bases. The strongest models for both the western
U.S. and southern California are virtually identical,
and can be represented as:

InV=7.0+0.6(Inds)) — 0.6(Byn)'"? 09)
+0.2(T)"? +0.3, '

where Vis debris flow volume (in m?), 43, is the area
of the basin with slopes greater than or equal to
30% (in km?), By 4/ is the area of the basin burned
at high and moderate severity (in km?), T'is the total
storm rainfall (in mm), and 0.3 is a bias correction
that changes the predicted estimate from a median
to a mean value (Helsel and Hirsch, 2002). The R?
and standard error of the residuals for this model
are 0.83 and 0.90 (Gartner et al., 2008).

9.3.5 Application of Models for Hazard
Assessments

These models can be quickly implemented on a GIS
platform to generate debris-flow hazard maps either
before, or immediately following, wildfires. Application
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Fig. 9.8 Maps of debris flow (A) probability, (B) volume
and (C) combined relative hazards for 2007 Poomacha Fire
in southern California, USA in response to 57.15 mm of rainfall
in3h

of the probability model for southern California and
the volume model are illustrated using information
from the 2008 Poomacha Fire in southern California.
This fire burned nearly 50,000 acres in northern San
Diego County in October of 2007. One hundred thirty
eight homes and 78 outbuildings were lost in this fire.

Figure 9.8A shows a map of the probability of
debris flow occurrence for the Poomacha Fire that
was generated by calculating a probability for each
basin based on the distribution of burn severity,
gradient and soils within the basin and the prob-
ability model in response to 57.15 mm of rainfall in
3 h (a 10-year recurrence storm). Calculated values
are then parsed into classes. Similar maps of the
volume of material that can issue from basin outlets
are generated using a similar procedure (Fig. 9.8B).
The probability and volume rankings can be com-
bined to give a relative measure of hazards for each
basin (Fig. 9.8C). This combination serves to iden-
tify the spectrum of possible responses, from those
basins that are most likely to produce the largest
debris-flow events, to basins with a moderate prob-
ability of producing moderately-sized events, to
basins with a low probability of producing small
events. These maps provide information necessary
to prioritize areas for pre-fire forest restoration
efforts and post-fire erosion mitigation in southern
California.

9.4 Implications in Response to Climate
Change

Westerling et al. (2006) demonstrated that large
wildfire activity during the period 1970-2003 in
the western United States increased suddenly and
markedly in the mid-1980s. While this effect is wide-
spread, they found that the greatest increases of
higher large-wildfire frequency, longer wildfire
durations and longer wildfire seasons were in mid-
elevation, northern Rocky Mountain forests. This
is an important point because past land use practices,
in general, and wildfire suppression efforts, in parti-
cular, have been advanced as the cause of increased
wildfire occurrence and size. While Westerling et al.
(2006) do not discount an effect from land use prac-
tices, they conclude that it is an overlay on the more
significant control exerted by climate. Because the
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northern Rocky Mountains have experienced far less
land use effect than other areas in the western United
States, it makes clear the overall influence of climate
on wildfire size and frequency.

Statistical associations between wildfire and
hydroclimatology, particularly for northern Rocky
Mountain forests, were found to be climate-driven
by reduced winter precipitation and an early spring
snowmelt (Westerling et al., 2006). Data from 1,166
large (defined as greater than 400 ha) forest wildfires
between 1970 and 2003 permitted a detailed fire-
climate analysis. A notable shift in the 1980s was
found. Earlier wildfire observations defined a regime
of a few large wildfires lasting about one week. This
has altered to much more frequent large wildfires
lasting about five weeks. This shift in the typical
wildfire pattern coincides with a shift to unusually

Fig. 9.9 Smoke plumes
from extensive fires burning
in southern California in the
fall of 2007 (A), and Greece
(B) in the late summer of
2007 illustrating potential
application of the fire-flood-
debris flow paradigm from
USA to other settings
throughout the world
(images from NASA)

warm springs, longer summer dry seasons and drier
vegetation. These conditions are linked to reduced
winter precipitation and an earlier spring snowmelt
during this same period (Westerling et al., 2006).
Because the hydrology of the western United States
is dependant on the winter snowpack, any reduction
in accumulation and persistence into the spring
means drier conditions earlier in the season for the
forests (Running, 2006).

Whether this is a short-term trend or a long-term
one has significant implications for both large wild-
fire and debris-flow occurrence. While the under-
lying mechanisms for this hydroclimatic shift asso-
ciated with increased large wildfires in the 1980s can
be argued, Westerling et al. (2006) point out that
nearly every climate-model projects warmer springs
and summers occurring over the region in upcoming




9 Implications for Consequences of Climate Change in Western USA

189

decades. This means future conditions will favor the
occurrence of large wildfires throughout the wes-
tern United States.

Backlund et al. (2008) come to a similar conclu-
sion. Fire-debris chronologies on alluvial fans and
fire scars in tree rings record warmer and drier peri-
ods over the last million years being associated with
more frequent and severe wildfires in the western
United States. Based on modeling of global climate
change, they suggest that large, stand-replacing wild-
fires will generally increase in frequency over the next
few decades.

In addition to an increase in frequency and magni-
tude of fires, Wentz et al. (2007) found that increased
warming can result in increased precipitation (on a
global scale). Given that short-recurrence, garden-
variety storms are generally sufficient to generate deb-
ris flows from burned areas, even small increases in
precipitation will magnify the potential for debris
flows from these areas.

The link between increased wildfires with their
positive influence on debris-flow occurrence and
global warming suggests that the experiences in the
western United States are highly likely to be dupli-
cated in many other parts of the world. Even if this
were not the case, the continued population growth
and urbanization within the Mediterranean climate
chaparral biome around the world would still repre-
sent a significant increase in debris-flow risk to
human populations. The multiple large fires in
Greece in late summer of 2007 are only the latest
in series of significant wildfires events within this
extensive biome (Fig. 9.9).

9.5 Conclusions

In southern California and the intermountain west
of the USA, debris flows generated from steep,
short, recently-burned basins pose significant
hazards. Increases in the frequency and size of wild-
fires throughout the western USA can be attributed
increases in the number of fire ignitions, fire sup-
pression, and climatic influences. Increased urbani-
zation throughout the western USA, combined with
the increased threat of more and larger wildfires,
carries within it the increased risk from debris-flow
occurrence. Preventing increased debris flow risk

requires effective efforts to reduce the vulnerability
of elements at risk (people, property, etc.). In the
post-wildfire environment, time, money and physi-
cal constraints make imposition of mitigating mea-
sures at all possible locations an impossible task.
Only by focusing these resources on the critical
locations can effective risk reduction be achieved.
This makes rapid identification of those critical
locations a vital concern. Empirical models linked
to a GIS environment are proving to be one of the
best scientific means for this identification process.
Differences between rainfall thresholds and
empirical debris-flow susceptibility models for
southern California and the intermountain west
indicate the strong influence of climatic setting on
post-fire debris-flow potential. The link between
increased wildfires with their positive influence on
debris-flow occurrence and global warming sug-
gests that the experiences in the western United
States are highly likely to be duplicated in many
other parts of the world, and the necessity of hazard
assessment tools for additional climatic settings.
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10.1 Introduction

Recovery of the Buddha’s Niches and Cliff
in Bamiyan (Central Afghanistan) after
the Taliban Destruction of 2001

Claudio Margottini

Abstract The historical site of Bamiyan is affected by geomorphological defor-
mation processes which were enhanced during the talibans’ bombing in March
2001, when the two standing Buddhas, dating back to VI C. a.D. were destroyed.
Not only was invaluable cultural heritage irremediably lost but also the conse-
quences of the explosions, as well as the collapse of the giant statues, added
greatly to the geological instability of the area. Traces of rocks recently slid and
fallen are relevant proofs of the deterioration of its stability conditions and most
parts appear prone to collapse in the near future.

Under the coordination of the UNESCO, a global project to assess the
feasibility conditions for the site’s restoration was developed; field data were
collected and a mechanism for the potential cliff and niches’ evolution was
provided. In the mean time some consolidation works were carried out in the
most critical rock fall-prone areas to avoid any further collapse in the coming
winter season, but also to enable archacologists the safe cataloguing and reco-
vering of the Buddha statues’ remains, still laying on the floor of the niches. The
Emergency activities started in October 2003 and included: the installation of a
monitoring system, the realization of temporary supports for the unstable
blocks, the stabilization of the upper-castern and upper-western part of the
small Buddha niche, the minimization of the environmental impact of the actions
taken. Consolidation works were mainly implemented by professional climbers,
directly operating on the cliff.

Keywords Rock fall - Mitigation works « Buddha Statues « Bamiyan — Northern
Afghanistan

Buddha statues appear to visitors (Fig. 10.1), carved
out of the sedimentary rock of the region, at 2500 m

In the great valley of Bamiyan, 200 km NW of of altitude. Following the tradition, this remarkable
Kabul, central Afghanistan, two big standing work was done by some descendants of Greek

artists who went to Afghanistan with Alexander
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APAT — Italian Agency for Environmental Protection and

the Great, probably around VI C. a.D..
Under the worldwide astonishment, the two sta-

Technical Services — Via Curtatone 3 00185 Rome, Italy; tues were demolished on March 2001 by the Taliban,
UNESCO consultant, Norwich, UK using mortars, dynamite, anti-aircraft weapons and
K. Sassa, P. Canuti (eds.), Landslides — Disaster Risk Reduction, 191
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Fig. 10.1 The Giant Buddha statues of Bamiyan in a depiction
of Burnes, 1834

Fig. 10.2 The Eastern Giant Buddha before and after the
destruction

rockets (Figs. 10.2 and 10.3). The Buddhists as well as
the world community, UN and UNESCO failed to
convince the Taliban to avoid the destruction of this

unique cultural heritage. Nevertheless, since 2002
UNESCO is coordinating a large international effort
for the protection of the World Heritage Site of
Bamiyan and the future development of the area.

10.2 General Features of the Area

Extensive investigations were conducted on the site,
even with the limitation of field investigation due to
landmines. In detail the following activities were
performed in the period 2002 until now. Most of
collected information are reported in Margottini
(2003b), Margottini (2004a), Margottini (2007)
and Margottini et al. (2005), and developed accord-
ing to the standars and procedure described in Hoek
and Bray (1994) and Turner and Schuster (1996).
Developed activities include:

1. the inventory of geological and geomorphological
feature and existing mass movements;

2. the identification of predisposing factors to slope
instability (climatology, petrology, mineralogy,
sedimentology, seismology, geophysical properties
of rocks, mechanical behaviour of both rock
masses (in situ and laboratory) and discontinu-
ities, discontinuities distribution);

3. the investigation of potential triggering mechan-
isms of landslides;,

4. the kinematic analysis to identify potential failure
mechanisms for cliff and niches;

5. the numerical stability analysis of cliff and niches,
to identify the relationship between shear
strength along the potential failure surface and
conditions required to trigger the collapse;

The Western Giant Buddha before, in the explosion and after the destruction



10 Recovery of the Buddha's Niches and Cliff in Bamiyan (Central Afghanistan) after the Taliban Destruction of 2001

193

6. experiences in previous restoration/consolidation
works.

7. a manual crack gauge monitoring system was also
installed showing no movement in the period
September 2003 — March 2007.

8. Automatic crack gauge monitoring system operat-
ing at the time of stabilisation works (November—
December 2003 and April-May 2004)

The investigations performed in the Buddha
niches and surrounding cliff in the Bamiyan valley
(northern Afghanistan) highlight the following
main features (Margottini, 2004a; Margottini,
2007; Margottini et al., 2005):

1. the area is located in mountainous central Afgha-
nistan in a dry part of the world that experiences
extremes of climate and weather. Winters are
cold and snowy, and summers hot and dry.
Mean annual precipitation in Bamiyan is about
163 mm and mean annual temperature, 7.4°C.

2. the area belong, geologically, to an intramoun-
tainous basin, subsequently filled with debris
originating from the surrounding mountain
ranges (Lang, 1968, 1972; Reineke, 2006). The
neogenic, more or less horizontally bedded sedi-
ments can be distinguished into four strata,
which are shown in Fig. 10.4. Starting with the
Eocene Dokani-Formation (> 80 m sandy carbo-
nates and anhydrite) and the Zohak-Formation
(> 1000 m red conglomerates), the so called
Buddha-Formation is deposited in the Oligocene

and is built up by > 70 m yellow-brown pellites,
sandstones, conglomerates and some volcanic
material. On the top lies the miocenic Ghul-
ghola Formation (> 200 m sandstone, clay and
lacustrine carbonates) and the pliocenic
Khwaja-Ghar Formation (approx. 200 m tra-
vertine, sandstone and conglomerate).

3. the rocks outcropping in the area are mainly
conglomerate, with some strata of siltstone that
largely slake when wet. The lower part of the cliff
is predominantly siltstone, with two main set of
discontinuities spaced every 20-40 cm. The cen-
tral part of the cliff is mainly conglomerate, well
cemented and with a limited number of vertical
discontinuities mainly paralleling the profile of
the slope.

The following Fig. 10.5 is reporting the general
view of the site with main morphological features
and the rupestrial settlements. In such a light,
the Bamiyan areas is, likely, one of the magnificent
world wide example of cultural landscape. Major
geomorphological processes include water infiltra-
tion, gully erosion, progressive opening of disconti-
nuities in the outer parts of the cliff, weathering
and slaking of siltstone levels, toppling of large
external portions as well isolated blocks along the
cliff face, occurrence of mud flows probably when
the siltstone is saturated, sliding of a large portion
of the slope, accumulation of debris at the toe
(Margottini, 2004a).

Fig. 10.4 Geological map of
the Bamiyan region (Lang,
1968; redrawn in Reineke,
2006)
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Fig. 10.5 The cliff with the Buddha’s niches and the rupestrial
settlement

Fig. 10.6 Rock slides affecting the caves inhabited since
VIA.D

Large rock slide were detected in the lower part
of the cliff, now stabilized, covered by large amount
of debris; occurrence of such rock slide is kinemati-
cally conditioned by the presence of direct faults,
not reaching the upper part of the cliff. Only two
large rock slides it seems to affect the rupestrial
caves and historical settlements.

10.3 lIdentification of Most Unstable
Areas

The explosion of March 2001, as well as demolish-
ing the statues, reduced the stability of the slope,
mainly in the outer parts of the niches.

In the Eastern Giant Buddha niche, as well as the
collapse of statue, there were three minor rock falls
from the top of the niche. The blasting also degraded
the upper-eastern part of the niche where a stairway
is located inside the cliff, and the wall between the
stairs and the niche is quite thin (about 30-50 cm).
This part is presently the most critically unstable site.

The western side, as consequence of an existing but-
tress, suffered less damage. Nevertheless, a rock fall
occurred and some instabilities are now also evident
only in the eastern part.

Major effects in the Western Giant Buddha niche
were the collapse of the statue and the consequent
instability of the rear of the niche. A small rock fall
occurred from left side of the top of the niche.
Probably, the strength of the greater thickness of
wall between the stairway going up into the cliff and
the niche (about 1 m), reduced the effects of blasting
and resulted in less severe damage. Investigating the
possible long term stability conditions of cliff were
computed using the explicit-difference-finite code,
FLAC (Itasca Consulting Group, 2000). Consider-
ing the Hoek and Brown (1980) shear strength cri-
teria for conglomerate and siltstone, and with a
major discontinuity ranging from the middle of
cliff till the middle of the niche (only friction value
for shear strength) the deformation of the cliff is
relatively low and it seems to be now day in condi-
tion of stability. Since we consider the fracture in
conglomerate reaching the lower sandstone forma-
tion and we decrease gradually the cohesion of silt-
stone due to fracturing/weathering, the cliff is
become unstable when the cohesion is proxy to nil.
In such situation maximum displacement and vec-
tor are at the base of the niche (Fig. 10.7).

In general, the niche and the cliff need holistic
stabilisation work and not episodic and local inter-
vention. Nevertheless, it must be recognised that one
cannot propose a specific stabilisation plan at the
moment because any intervention has to be specified
for the local conditions. At the present stage, it is
convenient to set up a general master plan, to be
locally adapted according to further more specific
investigations and data. The master plan includes
mainly nails, anchors and grouting, that will have a
low environmental impact on the site.

Finally, the field data (Colombini and Margottini,
2003a and b; Margottini, 2004a), kinematic analy-
sis, mathematical modelling, caves and crack dis-
tribution and detail inspection of the effect of the
explosion allow the realisation of Figs. 10.8 and
10.9 which report the most endangered sites for
both niches. The explosions of March 2001, besides
the demolition of the statues, reduced the stability
of the shallower parts of the niches. In the East
Giant Buddha niche, as well as the collapse of the
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statue, three minor rock falls occurred from the top
of the niche. Blasting also degraded the strength of
the rear of the highest right part of the niche, where
a stairway is located inside the cliff and the wall
between the stairs and the niche is quite thin (about
30-50 cm). This part presently has the most critical
instability (A3 in Fig. 10.8). As a consequence of an
existing buttress, the left side did not suffer as much

damage, although in the upper part a rock fall
occurred and some instabilities are now evident.
In the West Giant Buddha niche, the major blast
effects were the collapse of the statue and the con-
sequent instability of the rear of the niche. A small
rock fall occurred from the top of the niche (left
side). Probably, the greater thickness of the wall
between the stairway going up into the cliff and the
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Fig. 10.8 Identification of
most critical instability areas
in the East Giant Buddha
niche. The A3 block in the
Eastern Giant Buddha niche,
exhibit the most acute
instability

niche (about 1 m), inhibited the propagation of the
blasting effects, and resulted in less severe damage.
A large crack, about 20-30 cm wide, is present in the
corridor at the back of the head of the Statue.

Fig. 10.9 Identification of
most critical instability areas
in the West Giant Buddha
niche. The arrow points to a
serious problem inside the
niche. Other important areas
to secure are A4 and the top
of A6

Figure 10.9 shows the most critical areas found in
the field inspection and/or identified by analysing
the different geological aspects investigated in this

paper.
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10.4 Emergency Measures Taken
in 2003-2006

10.4.1 Overall Strategy on the East
Giant Buddha niche

After the general strategy for stabilisation, a follow
up of activities was performed in September 2003,
aimed at the identification of potential negative
evolution of the cliff and niches during winter
2003-2004. The result of a field mission suggested
an immediate response to the upper East side of
Eastern Giant Buddha niche where the existing
large fissures were widening and the risk of an
immediate rock fall was estimated to be very high.
This collapse could involve large part of the upper
Eastern part of the cliff an than totally destroying
the niche (Fig. 10.10).

Emergency consolidation works were immedi-
ately planned and carried out in this most critical
rock fall-prone areas to avoid any further collapse
in the coming winter season, but also to enable
archaeologists the safe cataloguing and recovering
of the Buddha statues’ remains, still laying on the
floor of the niches. The stabilisation activities started
in October 2003 till the beginning of December 2003
(Eastern side). A second operational phase was
implemented in the period April —June 2004 (Eastern
side) and the final one in the period September —
November 2006 (Western side and top). Figure 10.11
is reporting all the study area and the sites for inter-
vention. Without considering the study phases, the
practical activities included four different steps:

1. the installation of a monitoring system, to evalu-
ate in real time any possible deformation of the

Fig. 10.10 Pattern of
existing discontinuities at
four different stories (left)
and reconstructed unstable
blocks in the upper East side
of Eastern Giant Buddha
niche (right)

5
|

Y&I 20(;'5 .

Fig. 10.11 Localisation of the three areas of interventions in
the Eastern Giant Buddha niche

cliff. Sensor were designed to monitor the entire
working area, connected with an alarm system,
to make workers in safe conditions;

2. the realisation of temporary protection includes
steel ropes, and two iron beams suitable to avoid
lateral deformation, inside the niche from an
unstable cliff and blocks. Among the temporary
work, a wire net was installed on the back side of
both niches to allow archaeologists to work on
the ground floor in safe conditions, just after the
consolidation of the niche’s wall;

3. the final stabilisation of the East side of the niche,
west upper side and top. In these areas anchors,
nails and grouting were executed, in order to
reduce the risk of rock fall and collapse; particu-
lar care was addressed to the problem of grouting
material since the very high slaking capability of
siltstone. The anchors placed in 2003 were pre-
grouted to avoid any oxidation and then perco-
lation inside the niche. From 2004 it was decide
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to use only stainless steel materials, even if not
pre-grouted.

4. minimization of intervention (anchor/nail head
finishing) complete the execution of work.
Anchor and nail heads were designed to be
placed slightly inside the rock and then covered
by a mortar allowing a total camouflage of the
work. A number of tests on the better mixture,
between cement, local clay/silt and water, to be
used for covering the anchor/bolt heads, were
also designed and developed in 2003, in coopera-
tion with ICOMOS experts. The results highlight
the better chromatic, stability and robustness of
the mixture.

10.4.1.1 Implementation on the Eastern Wall

In the Eastern side of the niche a large external
block was prone to collapse (Fig. 10.10), and many
others in the in the inner part.

A real time monitoring network was planned and
realised to monitor the most remarkable crack and
discontinuities. 11 potentiometric crack gauges,
0-50 mm, 4-20 mA, fitted with couplings and con-
necting cable (tot. length 350 m) were supplied in the
first phase 2003, with acquisition system (data log-
ger) and data management software. An alarm sys-
tem to detect any deformation (movement) possibly
induced by the works on the main cracks present in
this part of the cliff was also installed. The accuracy
of the gauges was requested in 0.01 mm, to allow an
accurate measurement of even small deformation.
The position of sensors is reported in Fig. 10.12.

The temporary protection includes a network of
0.6” diameter steel ropes with a light pre-tensioning,
to sustain the most unstable block from possible
collapse; steel ropes were fixed to short nails, irre-
gularly placed to avoid any stress concentration in a
given line or area. Two temporary beams, located
laterally, to support the cliff deformation were
designed and executed. Each beam was calculated
to offer a resistance of about 40 tons, similar to two
designed long anchors. Figure 10.13 is showing the
steel ropes and the two iron beams. The temporary
protection elements were removed in 2006.

The consolidation was designed by means of
passive anchors and nails, correctly grouted. Long

Fig. 10.12 Distribution of the 11 sensors monitoring the
cracks underlining of the most unstable block. On the right
a detail of such sensors

anchors are having a spacing of about 4 m since they
exhibit, in this configuration a factor of safety equal
to 2, without considering the contribution of nails.
Nails will not follow a precise configuration since
they have to be designed on site to strength the
shallower part of the block. Even anchors may
have some not homogeneous distribution, function
of internal cavities. Details on calculation are
reported in the following Fig. 10.14. In these we
have:

1. the geometrical distribution of load and the
assumption for calculation, based on mechanic
of rigid mass, and the related moment;

2. the assumption for moment calculation of
anchors and the related factor of safety;

Fig. 10.13 The temporary beam (/eft) and steel rope (right)
for the temporary support of upper Eastern part of small
Buddha
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Fig. 10.14 The external block prone to collapse, the geome-
trical distribution of load and the assumption for calculation,
moment calculation of anchors and the related factor of

3. a comparison test about the possibility to gener-
ate toppling according to the static loads and the
uniaxial compressive strength of material;

A major concern, at the very beginning, was cer-
tainly the understanding of adherence between grout-
ing material and siltstone, a very slaking material.
For this reason the choice was addressed to low
water release grouting. This can be achieved mixing
water and cement with superplasticizer, a chemical
additive suitable to maintain the water inside the mor-
tar. The adopted composition was: W/C = 1/2.0 +
superplasticizer

A comparison between the standard strength for
anchors and the possible mobilised one was investi-
gated. Since anchors are designed to provide 20 ton
each, the borehole show a diameter of ¢ =9 cm and
the active length was limited to only 5 m, we have:

—-|2,5 m|-—

——

P= 20,0%2,50%1,9=95 ton =100 ton
L=100x1,25=125 ton:m

—) y=1.9ton/mec
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o 00N0, B 1 pmaboat 125 lon m2
Egquvalent to 1,23 MPa

Sirce
oe=about 5 MPa
Fasauio=5 23=4

safety and an evaluation test about the possibility to generate
toppling according to the static loads and the uniaxial com-
pressive strength of material

2x 7 x4,5x%500=14131cm’

Without direct tests, adherence between the mor-
tar and the rock is generally calculated between 6
and 8 kg/cm?; assuming 5 Kg/cm” we have about 70
tons. Then, assumed strength of anchor is 20 tons
that divided by 70 give a result of about 28% of
normal standards; alternatively, the real obtained
adherence is about 1,41 kg/cm?, that is much less
than the design one of 5 kg/cm?. The resulting factor
of safety is about 5, suggesting a reasonable security
with the designed loads. Anyway, due to the missing
of information on detail geomechanical distribution
of discontinuities on the deep, this feasibility
assumptions were considered in favor of security.

The correctness of the adopted solution and also
of the bounding capacity of grouting mortar is given
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from the anchor suitability tests, performed in 2004
to understand the bounding capacity of anchors in
both siltstone and conglomerate. The design
strength of passive anchors was assumed in 20
tons, for a bounded length, after the major discon-
tinuity, at least of 5 m (about 4 tons per linear
meter); the anchor suitability test was performed
for I m length, till 40 tons, close to the yield capacity
of steel. Up to this value no remarkable permanent
elongation was detected, to demonstrate the correct
bounding effect between siltstone and conglomerate
and the anchors (Fig. 10.15). These data confirm,
once more, the appropriate choice of superplastici-
zer as an additive suitable to avoid any slaking
phenomena in the siltstone.

In detail, in the eastern part of the niche it has
been placed:

1. 6 short passive anchors (Steel nails, dia 16 mm,
FeB 44 K, threaded, with couplers anchor plates
and nut — single bar length L = 2.5 m) with
diameter =36 mm and length about 5 m, placed
on the internal side of the niche (diamond head
rotary machine);

2. 29 stainless steel passive anchors with diameter =
26 mm and a length 5-10 m (in any case double
then the last encountered fissure from surface), 20
on the internal side and 9 on the external;
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Fig. 10.15 Anchor

suitability tests for siltstone
and conglomerate, in 1 m. ad
length anchor. The load (kN) I
and respective time (min)
and elongation (mm) are 2
reported showing, till 40 ton, =l ‘
the uphold of elastic domain = 1 ' I
and still the missing of any * i |
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3. 17 passive anchors, pre-grouted to avoid oxida-
tion, with diameter =90 mm and length 15 m.,
for a total length of 200 m, placed on the external
part of the cliff (Anchor bars VSL, dia 26.5 mm,
st 835/1030, pre-injected, with external corru-
gated sheathing, including plates and nuts).

Apart from the above technical aspects, the main
difficulties in this project was not only the typology
of intervention and the used materials but the way
of how to execute the work, also in a country like
Afghanistan with low availability of equipments.
Certainly, the first idea was the construction of a
scaffolding but, due to the very high probability of
rock fall and then the possibility of destructing it,
with additional risk for the workers staying below
hanging rocks, the economic cost of scaffolding
itself, and the approaching of winter season in
2003-2004, the need to find an alternative solution
came up. After a careful investigation and evalua-
tion of possible alternatives for implementing the
job, the choice fall on the use of professional
climbers.

Climbers, also supported by ground staff, were
operating directly on the surface, hanged on top of
the cliff, in a safe area, moving from top to down
and then in safe condition with respect to any poten-
tial rock fall.
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Also a major difficulty was the calibration of
drillings with respect to the existing cavities. In
fact, a large number of caves (around 800) and
tunnels are located on the cliff constituting a unique
example of rupestrial settlement. The selection of
drilling was then requiring a detail investigation in
their orientation and inclination to avoid with dril-
ling and grouting into the archaeological caves.

As mentioned previously, high attention was
posed to the methodology for consolidation. Short
(16 mm) and medium (20 mm) length passive
anchors (stainless steel) have been realised with
rotary drilling machine, with diamond head, to
avoid any possible vibration. Cooling fluid was
facing the occurrence of slaking prone siltstone in
presence of water: due to this, the usage of water
was limited when drilling the conglomerate and a
mix of compressed air and water was adopted when
discontinuities were detected and when a possible
level of siltstone was encountered. Pre-grouted long
passive anchors, used only in the first phase 2003,
(26 mm) have been realised with roto-percussion
machine and use of air as flushing medium. From
a temporal point of view they have been drilled only
after the realisation of shorter ones and from the
further part of the unstable blocks, towards the
most critical one. The purpose of small anchors is
to sew all together the unstable masses and fixing
them the proxy stable geological background. The
long anchors have to homogenise this part to the
most internal and stable geological material. Direc-
tion and inclination of anchors have been defined
on site but, in any case, direction of deformation
and perpendicularity to discontinuities has been
taken into consideration. Temporal execution con-
sidered the principle to start from the most stable
place to the most unstable. This is to start consoli-
dation from the part where disturbance can better
be sustained. In particular, with respect to the inter-
nal side of the niche, the lowermost unstable block,
has been approached from the bottom of it to the
top. In fact, in the top of the niche there is an
hanging block that cannot be touched without hav-
ing stabilised the lower part. Grouting was made
with cement added with superplasticizer to avoid
any water release, capable to interfere with the slak-
ing siltstone as well as to get the best possible adher-
ence between bar and rock, namely composed as in
Table 10.1.

Table 10.1 Composition of grouting materials for both
anchoring and cracks filling

Anchoring grout  Cracks filling
Kg/m® mortar Kg/m®
Water 540 300
Cement 1360 610
Sand 1270
Additive 7 7
Superplasticizer

In total, for grouting and filling in the Eastern
wall of the niche, approx. 17 m? were injected, with
19.000 kg cement divided in:

1. short anchors grouting as 1.200 kg;
2. anchors grouting as 8.200 kg;
3. crack filling (from top) as 9.600 kg;

Minimisation of impact was implemented by
covering with mortar of suitable colour all the
anchor steel plates. In such a way it now very diffi-
cult to identify the place were anchors and nails
were settled. The composition and color of mortar
was established with the support of technicians
from International Council of Monuments and
Sites (ICOMYS). A final arrangement should be pro-
vided by a conservator. The following figure is pre-
senting the results of the executed activity.

The solution and the techniques adopted as well
as the four steps improvement of activities proved
quite satisfactory since the monitoring system did not
record any remarkable deformation in the unstable
blocks through the working period (Fig. 10.23).

Fig. 10.16 Installation of temporary struts. Note that, dur-
ing the installation, the strut is fixed on top of the cliff, in the
safe zone
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Fig. 10.19 Execution of nails on the roof of the niche

Fig. 10.17 Final consolidation with the use of professional
climbers and large rotary machine

Fig. 10.18 Execution of nails for the stabilisation of Fig. 10.20 Execution of nails with rotary machine and dia-
unstable blocks mond head, at the inner side of the niche
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Fig. 10.21 Detail of execution of nails from inside the caves
by means of small rotary machine and diamond head

Fig. 10.22 Covering of anchor heads with proper mortar
(test site)

10.4.1.2 Implementation on the Western Wall

The western side of the niche is also suffering for the
effect of explosion as well as for the sunk of existing
buttress. The buttress was probably constructed to
reduce the risk of collapse of this flank which was
considered extremely unstable to justify a very mas-
sive intervention by French archaeological expedi-
tion in late ’50, early ’60, finally strengthened and
mitigated in the impact by the Indian archaeological
survey in *70. Since the buttress it seems to be con-
nected with bolts to the cliff it is possible that the
sunk of this structure may produce an horizontal
stress, toward the external, inducing additional
instability as testified by the intervention of Indians
Archacological Survey (Fig. 10.24, courtesy Prof.
Maeda, Kyoto University). There are nowday some
evidence (e.g. widening of small cracks) from which
it is possible to hypothesise that the buttress is
hanged to the cliff, more than sustaining it. This
situation might increase the existing damage.
Effects of March 2001 explosion are mainly evi-
dent at the top of the niche, probably where there is
a maximum concentration of stress in consequence
of the morphology of the niche (arch and pillar, as
described in Colombini and Margottini, 2003a). In
particular (Margottini, 2004b; Margottini, 2006)
there is a small pillar (Fig. 10.25) that needs
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Fig. 10.24 Consolidation works from the Archaeological
Survey of India in 1969 (Courtesy of Prof. Maeda)

immediate emergency intervention before collapse,
possibly inducing large deformation processes to
the whole western part of the niche. This part was
also completely restored by the Indian Archaeologi-
cal Survey in late *70. Apart from the planned minor
emergency intervention, any large intervention in
this area should include geotechnical investigation
on present buttress foundation and, later on, the
complete stabilisation of the niche. Likely, the

Fig. 10.25 The most unstable element (pillar) in the western
side of Eastern Giant Buddha niche

manual monitoring system installed in 2003, does
not exhibit presently any further deformation of
most severe cracks. The present emergency interven-
tion, planned in the upper part of niche, was designed
in order not to fix any part of the buttress to the cliff,
since it has not been investigated its possible
evolution.

Also in this situation the general strategy of an
emergency intervention was developed in four steps:

1. a monitoring system on the most relevant dis-
continuities. No. 6 potentiometric crack gauges
were newly installed and tested in the West wall
of the niche of the Eastern Giant Buddha to
monitor the cracks identified as most dangerous
in the area of the drilling and grouting works.
The scheme of installation is reported also in
Fig. 10.26.

2. A temporary support (Fig. 10.27), by means of:

a. the two existing long iron beams moved in the
upper part of the niche, to provide some lat-
eral support to the niche;

b. two iron/wood beams capable to support any
lateral deformation of the small pillar; The
construction details of the beam has been
finally adapted with the materials actually
available in Afghanistan;

c. steel ropes bounding completely the pillar and
cliff; 13 no. temporary steel cables have also
been installed on the Western side of the niche.
4 of them were fixed through steel bolts on the
inner/outer wall of the niche whereas 9 cables
were circular cables embracing horizontally

Fig. 10.26 The location or potentiometric crack gauges for
discontinuity monitoring and alarm; in green are external
sensors and red are internal to the cave
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Fig. 10.27 The temporary support necessary for a secure
execution of the work in the western wall: two long iron
beam replaced in the upper part of the niche, the short iron/
wood struts for local support and the steel ropes

(6 no.), or vertically (3 no.), the rock pillar and
the septum at elev. 2570.

3. Emergency intervention includes nails and grout-
ing as follows:

a. prior to starting the drilling works, the large
cracks in the area of the pillar at the left wall of
the Eastern Giant Buddha, were thoroughly
filled in and grouted with cement grout. After
the preliminary caulking, the main fissures
were filled in using 0.96 m® of low water-
release cement grout, with some 1,200 kg of
cement. Grout composition utilized was, as
usual, C:W = 0.5 with superplasticizer;

b. For the drilling operations, a diamond rotary
system, 50 mm dia.,has been adopted with the
aim to limit as much as possible interferences,
produced by vibratory effects, to the limited
stability of the structure in this area. A total of
no. 12 stainless steel passive anchors, dia
20.0 mm, have been installed, with a total drilled
length for these 12 anchors of 52.4 m. In detail,
nine of these nails connect internally the pillar, in
both directions parallel to face and perpendicu-
lar to it to create a robust net; two short passive
nails (located at below and above the critical
pillar, with depth less then the back side plane
where a large crack has been detected after the
removal of fragments in the lower caves behind
the feet of the Statue. One passive anchor paral-
lel to surface aimed at stabilising the upper gal-
lery where a large fissure is present;

asn

257

256

Fig. 10.28 Distribution of the anchors and chronological
sequence of them

c. low water release grouting in the boreholes,
maintaining the composition of water and
cement successfully adopted in the eastern
side which includes: W /C = 1/2.0 + super-
plasticizer. Approx. 2.0 m® were grouted for
the nails installation with 2,400 kg of cement.

4. Minimisation of impact is following the same
criteria established for the eastern side.

In the Western wall of the niche, the total grout
for grouting and filling was estimated in approx.
3 m®, with 3.600 kg cement (cracks and anchors).
As mentioned before, the correctness of grouting
was demonstrated by the suitability test for the
anchors, that do not differentiate the anchor
bounded to conglomerate from the one bounded
to siltstone, in which slaking is highly possible.

Figure 10.28 is providing the distribution of
the anchors as well as the chronological sequence
of them. This last is quite important to avoid
disturbance to the most critical part of the cliff
without having stabilized the boundary condi-
tions. In addition, it provides a further protection
against water infiltration potentially slaking the
siltstone as well as generating additional pore
pressure.

10.4.1.3 Implementation on the Upper Part

In the upper part of the niche it was decided to
install three permanent stainless steel passive



206

C. Margottini

Fig. 10.29 Drilling for nails

Table 10.2 Characteristics of the installed strain gauges

Transducer Type Vibrating Wire
Standard range 3.500 microstrain
Sensitivity 1.0 microstrain
Accuracy 0.1% F.S.

Less than 0.5 % FS
—30°C to + 80 °C
50.8 mm

Non linearity
Temperature Range
Guage length

anchors, 12.0 m long, sub-horizontal, with the
following purposes:

1. to monitor the tensional state of the rock masses,
by means of 10 strain gauges placed in two of the
anchors;

2. to grout the medium part of the cliff to avoid
water infiltration within the niche during snow-
melt or prolonged rainfall.

The position of these long anchors is reported in
the following Fig. 10.30.

2 ipstrumented anchors

Fig. 10.30 Position of anchors on the top of niche. The
yellow ones are monitored with 10 strain gauges

Fig. 10.31 Detail of a strain gauge

540 1 of cement mix were utilized for the grouting
of the anchors (600 kg of cement). Open vertical
fissures, reaching downwards the niche, were inter-
cepted in the 3 boreholes at depths up to approxi-
mately 8 m (anchor no 39) and 9 m (Anchor 41) .

The anchors no. 39 and 41, were instrumented
with the installation of a series of 5 spot weldable
strain gauges (Fig. 10.31) in each anchor. The
characteristics of these instruments are described
below. The cables connecting the sensors have been
conveyed into small grooves to suitable steel boxes
located into the niche, were readings can be taken
utilizing the portable datalogger with LCD
display.

10.4.1.4 Location and Type of Anchors and Nails
on the East Giant Buddha Niche

In conclusion, in the Eastern Giant Buddha niche n.
64 passive anchors and nails were installed, for a
total length of 443.5 m. The total amount of grout-
ing was established in 19,7 m® of cement grout with
24.000 kg of cement.

The following Fig. 10.32 are summarising all the
long passive anchors and nail and the related
location.

The following Table 10.3 is reporting type
and length of each anchor and nail previously
described.
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. Huy 4'.-1_ = T anchor “drill @ 50 mm Gewi @ 16 mm”
i l g i n° m
i 1 it 1 420
i 2 5.15
\: 3 5.20
i H}_‘ ik 4 5.30
| S 4.85
! 6 4.50
LM U
anchor “drill @ 50 mm stainless steel @ 20 mm”
n’ m
LEGENDA 7 450
8 4.50
+ Passive anchors @26 mm 9 4.50
. 10 4.60
-4 Passive anchors @16 mm 1 330
-4 Passive anchors stainless steel @20 mm 12 1.30(Gewi © 16 mm)
12 bis 5.00
13 5.00
Fi - 14 7.00
ig. 10.32 Typology, position and length of executed
anchors and nails (red is for passive anchors, pre-grouted, 15 7.50
with diameter =26 mm and length 15 m.; violet is for stainless 16 7.50
steel passive anchors with diameter=26 mm and a length 17 7.50
5-10 m.; green is for short passive anchors with 18 7.50
diameter = 16 mm and length about 5 m, placed on the inter- 19 7.50
nal side of the niche) (topographic data from PASCO, 2003) 20 7.50
21 3.00
21 bis 3.50
22 5.50
Table 10.3 Type and length of each installed anchor and 53 6.50
nail (for numbers refer to Fig. 10.32) 24 3.70
anchor “drill @ 90 mm Dywidag @ 26/50 mm” 24 bis 5.00
n° m 25 4.50
A 7.50 26 2.50
B 7.50 26 bis 7.00
C 7.50 27 1.50
D 15.00 28 1.60
E 15.00 29 2.10
F 15.00 30 4.00
G 15.00 31 4.30
H 7.50 32 4.60
1 7.50 33 5.00
L 7.50 34 6.00
M 7.50 35 8.30
N 15.00 36 5.00
(6] 15.00 37 2.00
P 15.00 38 8.00
Q 7.50 39 12.00
R 7.50 40 12.00
S 7.50 41 12.00
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10.4.2 First Interventions in the Western
Giant Buddha Niche

Despite of the destruction of the statue, the Western
Giant Buddha niche did not suffer extensively as
consequence of the explosion (Margottini, 2006).
Emergency intervention includes (Fig. 10.33):

a. grouting of the large fissure placed in the corri-
dor, back side of the niche.
b. Other minor sites to consolidate

The grouting of the large crack in the back side of
the niche has been done from inside as well as from
outside (top of the cliff). Initially, the fissure was
grouted and closed in the internal part of the niche,
in order to protect the niche from cement infiltration
and leaching from the top. Small pipes were required
inside the cement to avoid internal overpressure.

Fig. 10.33 Emergency intervention in the Western Giant
Buddha niche (topographic data from PASCO, 2003)

Fig. 10.34 The large crack in the corridor on the back side
of the niche before, during and after the grouting

Fig. 10.35 Detail of the grouting from the top of cliff

From the top of the cliff, inclined drills were per-
formed and, when the fissure was encountered in the
perforation, it was grouted with the same mixture of
cement and superplasticizer described in Margottini
(2003a). A major attention was required for the
execution of drillings on top of the cliff, due to the
possible existence of land mines, even after a complete
de-mining of the site as result of rainfall run off.

Other minor intervention were required in two
small sites, as reported in the design of Fig. 10.36.
The possible risk of collapse, even for small pieces of
rock, was completely avoided.

Fig. 10.36 Drilling in the lower part of the niche
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10.5 Conclusion

The present paper describe all the emergency inter-
vention performed in Bamiyan (Central Afghani-
stan) for the consolidation of niches and unstable
blocks resulting from the explosion, executed by
Talibans in March 2001, aimed at destructing the
VIc. A.D. giant statues of Buddha.

The effect of explosion was quite dramatic: the
two statues totally collapsed but also some small
part of the niches fall down and, mainly large part
of the Eastern Giant Buddha Niche was close to the
collapse. UNESCO was immediately prompt to
undertake an emergency intervention for securing
the remaining of such wonderful cultural heritages
and, thanking to the generous Government of Japan
financial support, the works started in November
2003.

The activities were developed according to the
following general scheme:

1. engineering geological study of the site, including
laboratory testing and filed work (the first were
conducted in Europe in few samples and the
latter conditioned in their execution from the
presence of land mine);

2. installation of a high precision monitoring
system;

3. realisation of temporary support infrastructure,
to maintain stable the blocks at limit equilibrium,
also during the execution of works;

4. execution of the consolidation work, with profes-
sional climbers to avoid any activities below the
hanging and unstable blocks, with a system of
small and long passive anchors and grouting;

5. minimisation of impact of anchor heads, with a
mixture of special mortar, investigated in detail
with the support of ICOMOS expert.

The result was quite satisfactory, in an area that
is slowly coming out from decades of war, and in
which it was necessary to adopt the maximum of
professional judgment in identifying weak points
and limits in knowledge and, in the mean time, to
adopt technologies capable to solve the problems in
very short time and in safe conditions.

After the investigations started in September
2002 and the practical intervention of October—
December 2003, March 2004 and October—
December 2006, the cliff and niche of the Eastern

Giant Buddha (the most critical part) it is now more
stable and the risk of collapse almost avoided. Also,
the niche of Western Giant Buddha have been pro-
tected from water infiltration. Further work will be
needed in the future, especially in back side of both
niches but, at least, the major risk to have a collapse
involving also the few remains not destroyed by
Talibans it is now turned away.
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Farrokh Nadim and Oddvar Kjekstad

Abstract Allocating resources for natural hazard risk management has high
priority in development banks and international agencies working in developing
countries. Global hazard and risk maps for landslides and avalanches were
developed to identify the most exposed countries. Based on the global datasets
of climate, lithology, earthquake activity, and topography, areas with the highest
hazard, or “hotspots”, were identified. The applied model was based on classed
values of all input data. The model output is a landslide and avalanche hazard
index, which is globally scaled into nine levels. The model results were calibrated
and validated in selected areas where good data on slide events exist. The results
from the landslide and avalanche hazard model together with global population
data were then used as input for the risk assessment. Regions with the highest risk
can be found in Colombia, Tajikistan, India, and Nepal where the estimated
number of people killed per year per 100 km? was found to be greater than one.
The model made a reasonable prediction of the landslide hazard in 240 of 249

countries. More and better input data could improve the model further.

11.1 Introduction

Information on hazards, vulnerabilities and risks at an
appropriate scale is of fundamental importance for
design and implementation policies and programs for
mitigation of disaster risk. In order to be focused,
relevant and effective, contingency planning, disaster
preparedness and early warning systems require the
knowledge of what kind of losses could be expected
from what type of hazard. Lack of such data on a
global scale led to the ProVention Consortium initia-
tive to launch a collaborative project on “Identification

Farrokh Nadim (><)
International Centre for Geohazard/NGI, Oslo, Norway

Oddvar Kjekstad
International Centre for Geohazard/NGI, Oslo, Norway

K. Sassa, P. Canuti (eds.), Landslides — Disaster Risk Reduction,
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of Global Natural Disaster Hotspots” — the “Hotspots
Project”, for short —in 2001.

The aim of the Hotspots Project was to perform a
global assessment of the risk of mortality and eco-
nomic losses for six major natural hazards: drought,
floods, wind storms, earthquake, landslides and
volcanoes. The overall study is published by the
World Bank (The World Bank, 2006a and 2006b,
and Dilley et al., 2005).

NGI’s role in this collaborative project was to
assess the global distribution of landslide hazard and
risk. In many parts of the world landslides pose a
major threat. They occur more frequently than other
natural hazards. However, in terms of the number of
fatalities from different hazards, landslides rank
rather low compared to earthquakes, floods, wind
storms and extreme temperatures. There is however,
reason to believe that the number of causalities due to
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landslides derived from natural disaster databases is
grossly underestimated. This is because the loss fig-
ures in the international databases are normally
recorded by the primary triggering factor, and not
by the hazard that causes the fatalities. For instance
the 1999 Venezuela Disaster, with more than 20,000
deaths, is recorded as a flood, while most fatalities
were caused by landslides in form of debris flows and
mud flows.

11.2 Model Description

The general approach adopted in the study for the
evaluation of global landslide hazard prone areas
and risk hotspots is depicted on Fig. 11.1.

The study focused on slides with rapid mass
movement, like rockslides, debris flows, snow ava-
lanches, which pose a threat to human life. Slow
moving slides have significant economic conse-
quences for constructions and infrastructure, but
rarely cause any fatalities.

11.2.1 Approach for Landslide Hazard
Evaluation

Landslide hazard level depends on the combination
of trigger and susceptibility (Fig. 11.1). In the first-

pass estimate of landslide hazard, five parameters
were used. These are described briefly below. More
details are provided in Nadim et al. (2006).

11.2.1.1 Slope factor S,

The slope factor represents the natural landscape
ruggedness within a grid unit.

In February 2000, NASA collected elevation
data for much of the world using a radar instrument
aboard the Space Shuttle. The raw data collected on
the mission were processed over three years. At the
time of the study, NASA had released a global
elevation dataset called SRTM30, referring to the
name of the mission and the resolution of the data,
which is 30 arc-sec, or approximately 1 km? per data
sample near the equator. The SRTM30 data set
covers the globe from 60° south latitude to 60°
north latitude. Using the SRTM30 data set as the
starting point and correcting the anomalies by using
other datasets, Isciences (www.isciences.com)
derived the grid of slope angles for this study. The
slope data were reclassified on a geographical grid
(WGS84) and the grid cells were categorized into 5
categories, from 0 to 4. The index S, was set equal
to zero for slope angles less than 1°, i.e. for flat or
nearly flat areas, because the resulting landslide
hazard is null even if the other factors are
favourable.

Trigger Susceptibility Elements at risk
and vulnerability
Rainfall-induced
landslides *
(hourly, daily and monthly | |
rainfall intensity) i : Iﬁﬁglgorgﬁ hy

Earthquake-induced

» Vegetation cover

¢ Soil moisture Exposed population

landslides
(characteristics of ar:d ralzt-le-d
expected motion) » Topography vulnerability
+ Wind conditions
o Temperature _T
Snow avalanche fluctuations
(temperature and
precipitation in winter)
Fig. 11.1 General approach
for landslide hazard and risk Hazard Maps Risk Maps
evaluation
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11.2.1.2 Lithology factor S,

This was the most difficult parameter to assess.
Ideally, detailed geotechnical information should
be used but, at the global scale, only a general
geological description is available. Rock strength
and fracturing are the most important factors to
evaluate lithological characteristics, and these char-
acteristics can vary greatly over short distances.

The dataset used in this study was the Geological
map of the World at 1/25,000,000 scale published by
the Commission of the Geological Map of the World
and UNESCO (CGMW, 2000). The map is available
on a CD-ROM. The grid Resolution is 2.5 x 2.5°
latitude/longitude. This map is the first geological
dataset compiled at a global scale showing the geology
of the whole planet, including continents and oceans.
In the map, three main types of formation are identi-
fied: sedimentary rocks, extrusive volcanic rocks and
endogenous rocks (plutonic or strongly metamor-
phosed). Usually old rocks are stronger than young
rocks. Plutonic rocks will usually be strong and repre-
sent low risk. Strength of metamorphic rocks is vari-
able, but these rocks often have planar structures such
as foliation and therefore may represent higher risk
than plutonic rocks. Lava rocks will usually be strong,
but may be associated with tuff (weak material).
Therefore, areas with recent volcanism are classified
as high risk. Sedimentary rocks are often very weak,
especially young ones. For the purpose of this study,
five susceptibility classes were identified and the index
S; was assigned values from 1 to 5.

11.2.1.3 Soil Moisture Factor, S;,

Sy, s a soil moisture index, which indicates the mean
humidity throughout the year and gives an indica-
tion of the state of the soil prior to heavy rainfall
and possible destabilization. The data for this study
were extracted from Willmott and Feddema’s
Moisture Index Archive (Willmott and Feddema,
1992). The data cover the standard meteorological
period 1961-1990. Resolution of the grid is 0.5 x
0.5°. Gridded mean monthly total potential evapo-
transpiration (Eo) and unadjusted (in respect to
topography) total precipitation (P) are taken from:

e Terrestrial Water Balance Data Archive: regridded
monthly climatology, and

e Terrestrial Air Temperature, monthly precipita-
tion and annual climatology.

These data can be downloaded from the internet
(Centre for Climatic research, University of Dela-
ware). Estimates of the average-monthly moisture
indices for Eo and P are only made for land-surface
grid points (total of 85,794 points). The average
monthly moisture indices are calculated according
to Willmott and Feddema (1992) using the gridded
average-monthly total Eo and P values, at the same
resolution as the water-balance fields. For this
study, five classes for soil moisture index were deter-
mined and the index S; was assigned values from
1 to 5. The map of the global soil moisture index is
shown on Fig. 11.2.

11.2.1.4 Precipitation Trigger Factor T,

The categorization T,, was based on the estimate of
the 100-year extreme monthly rainfall (i.e. extreme
monthly rainfall with 100 years return period). The
source of data was the monthly precipitation time
series (1986-2003) from Global Precipitation Cli-
matology Centre (GPCC) run by Germany’s
National Meteorological Service, DWD (Rudolf
et al., 2005). The provided data are near real-time
monitoring products based on the internationally
exchanged meteorological data with gauge observa-
tions from 7,000 stations worldwide. The products
contain precipitation totals, anomalies, number of
gauges and systematic error correction factors. The
grid resolution is 1.0 x 1.0° latitude/ longitude. At
the time of this study, the monthly values were
available for 17 years, from 1986 to 2002. The max-
imum registered values per annum were used to
calculate the expected 100-year monthly precipita-
tion for every grid point assuming a Gumbel distri-
bution. The results were divided into five suscept-
ibility classes and the index T, was assigned values
from 1 to 5. The map of the estimated 100-year
extreme monthly rainfall is shown on Fig. 11.2.

11.2.1.5 Seismic Trigger Factor T,

The data set used for the classification of the seismic
trigger factor was the expected Peak Ground
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Fig. 11.2 Above, /left: Global soil moisture index: 1961-1990
(Willmott and Feddema, 1992). Above, right: Expected
monthly extreme precipitation values (mm) for a 100-year

Acceleration (PGA) with 475-year return period
(10% probability of exceedance in 50 years) from
the Global Seismic Hazard Program, GSHAP
(Giardini et al., 2003; Fig. 11.2). The GSHAP
PGA4;5 data were categorized into 10 classes and
the index Ts was assigned values from 1 to 10.

11.3 Landslide Hazard Index Hj.ndslide:

The relative landslide hazard level was estimated using
a model similar to that suggested by Mora and
Vahrson (1994) for regional analyses. For each factor,
an index of influence was determined (range of values
are given above) and the relative landslide hazard level
Hianasiiqe Was obtained by multiplying and summing
the indices using the following equation:

Hiandstide = (Sr % S1 x Sp) x (Ts + Tp)

Expected roethiy extrors walues for 0 100 var event

A6 A4 -0 0 0 40 20 o
Moty procpasos (mem)

2 w =20 80 W N0 W0 W0 I

event (http://gpcc.dwd.de). Left: Expected PGA with a
return period of 475 years. Scale varies from 0 m/s” (white)
to 9 m/s” (brown)

With the range of indices given above, the land-
slide hazard index varies between 0 and 1500. Based
on the computed Hi,,qs1ide, €ach basic grid cell in the
global analysis (30 arc-sec x 30 arc-sec latitude/
longitude) was classified as shown in Table 11.1.
The annual frequency of serious landslides given
on the last column was based on a crude calibration

Table 11.1 Classification landslide hazard based on the
landslide hazard index

Value of Class  Classification of Approximate
Hiandstide landslide hazard annual frequency
potential in 1 km? grid
<14 1 Negligible Virtually zero
15-50 2 Very low Negligible
51-100 3 Low Very small
101-168 4 Low to moderate  small
169-256 5 Moderate 0.0025-0.01%
257-360 6 Medium 0.0063-0.025%
360-512 7 Medium to high 0.0125-0.05%
513-720 8 High 0.025-0.1%
> 720 9 Very high 0.05-0.2%
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in few areas (mainly in Europe) where the authors
have access to reliable data. The overlapping ranges
in the annual frequencies reflect the uncertainty in
the estimates.

The snow avalanche hazard was evaluated using
a similar model, but with only 3 parameters: slope
factor within a selected grid (S,), precipitation
values for four winter months (T,) and average
temperature in winter months (T,). Further details
of the models are provided by Nadim et al. (2004)
and by Nadim et al. (2006).

The estimation of expected losses was achieved
by first combining the frequency of landslides and
the exposed population in order to assess the phy-
sical exposure, and then performing a regression
analysis using different sets of uncorrelated socio-
economical parameters in order to identify the best
indicators of human vulnerability for a selected
hazard in a given country. The following formula
for estimating the risk was used:

R=H- Pop-Vul

where:

R = risk proxy: number of expected human
fatalities in landslides

H = annual hazard occurrence probability

Pop = population living in a given exposed area

Vul = vulnerability, depends on socio-politico-
economical parameters

Defining physical exposure (PhExp) as the
annual frequency of a hazard with specified severity
multiplied by the number of persons exposed
(PhExp = H - Pop), the risk can be evaluated by
logarithmic regression using the following formula:

In(R) = In(PhExp) + In(Vul)

In the case of landslides, once the average physi-
cal exposure was estimated from the hazard mod-
el(s) described above and population density data,
an estimate of risk was made using a proxy of
vulnerability. This included a multivariate regres-
sion analysis to correlate the number of expected
fatalities to socio-economic parameters following
the approach outlined by Dao and Peduzzi (2004).

11.4 Results

The hotspots project included validation of pre-
dicted landslide hazard zones in a number of coun-
tries where data on geographical distribution of
historical landslides were available. The countries
where calibration was performed were Norway,
Armenia, Georgia, Nepal, Sri Lanka and Jamaica
(NGI, 2004). In general the prediction model was
found to yield a good first-pass approximation.
The main regions of the world with moderate to
very high landslide hazards (Fig. 11.3) were found
to include: Central America, Northwestern South
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Fig. 11.3 Global landslide hazard hotspot zonation for the world
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America, Northwestern USA and Canada, the Cau-
casus region, the Alborz and Zagros mountain
ranges in Iran, Turkey, Tajikistan, Kyrgyzstan, the
Himalayan belt, Taiwan, Philippines , Indonesia,
New Guinea, New Zealand, Italy and Japan.

More detailed maps for Central Asia and Central
America are shown on Fig. 11.4. Countries with
medium to high, high, and very high landslide hazard
in these regions include: Georgia, Armenia, Turkey,
Iran, a small part of Southern Russia, Tajikistan,
Kyrgyzstan, Afghanistan, Nepal, India and Southern
China in Asia; and Guatemala, Mexico, El Salvador,
Honduras, Nicaragua, Costa Rica, Panama,
Columbia, Ecuador and Peru in Latin America.

In the predictions of landslide risk, the distribu-
tion of hazard, frequency of occurrence, population
density, as well as loss figures from historical events,
were the major input parameters. Some of the major
findings of the landslide risk analyses were:

e The annual number of expected fatalities due to
major landslides worldwide, as predicted by the
model, was found to be in excess of 4300. This
number is of the same order of magnitude as the
reported average number of people killed per year
(ca. 1700) in the past 30 years (EM-Dat, 2003).

e 98% of the recorded victims lived within areas
predicted by the NGI model to fall in landslide
hazard zones 5 and above.

e Localized areas of pixel size 1 km?, with highest
mortality risk, were found to be in Colombia,
Tajikistan, India and Nepal where the predicted

e — g

———— -
L .
y il . il -
- q . i il {’l’ .
P - % 7
oae - e |
1 Landstide Classmeation . n URLT 7
Landalice Kazaed st i ot~
i L] g
= {Cimaa ¥ o
Lo e (Clana 41 -
l'_-‘. man ™ et s e | ey -
B e G 15
[ -y -
[ L (=
[ i N

risk for number of people killed pr year pr 1 km?

was found to be greater that 0.01.

e In countries like Guatemala, El Salvador,
Honduras, Panama, Costa Rica, Mexico,
Colombia, Afghanistan and Iran, the model pre-
dicted large areas with risk for number of people
killed pr year pr 1 km? between 0.001 and 0.01.

The results showed strong correlation between
high risk and physical exposure, and strong correla-
tion between high risk and low Human Develop-
ment Index (HDI) as determined by United Nation
Development Program (UNDP). The analysis also
showed high correlation between high risk and high
percentage of forest cover, which is somewhat sur-
prising. This might reflect the fact that the countries
with highest forest coverage might also be the ones
with the highest degree of deforestation. Deforesta-
tion is an important factor that needs to be
addresses in more detail (Ref: World Disaster
Report 2004), but the parameter is difficult to deter-
mine on the global basis with the existing data sets.
The percentage “arable land” also showed a strong
correlation with landslide risk, which indicates that
rural population are more vulnerable to landslides
than urban population.

The result of the regression analysis for landslide
risk is shown on Fig. 11.5. It should be mentioned
that out of the 249 countries that were included in
the analysis, the model failed to explain landslide
risk adequately in nine of the countries. This

demonstrates the need for better data sets,
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Fig. 11.4 Predicted landslide hazard hotspots areas in Central Asia (/eft) and Central America (right)
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Fig. 11.5 Predicted killed versus observed landslide fatalities

especially on deforestation. Figure 11.6 shows the
landslide risk hotpots in Central Asia and Latin
America.

11.5 Suggestions for Model
Improvement

As part of the Global Risk Update (GRU) project
of ISDR, the global landslide hazard assessment
model is being revised. In the new study, the

Ve

o
\'ﬁ
o

landslide hazard due to earthquakes will be differ-
entiated from the landslide hazard due to heavy
precipitation, and effects of vegetation cover will
be included in the model:

Hlandslide,earthquake = (Sr X Sl X sh X Sv) X Ts

Hiandslide, rainfall = (Sr X S; X Sp % Sy) x T,

where S, is a new index that describes the vegetation
cover.

In GRU study, there will be more focus on the
ratio of the extreme to average precipitation, rather
than the absolute value of precipitation. Concep-
tually, this model would be a better representation
of the physical processes that trigger landslides dur-
ing heavy rainfall.

11.6 Conclusions

The probability of landslide and avalanche occur-
rence was estimated by modelling the physical pro-
cesses and combining the results with statistics from
past experience. The main input data used in the
hazard assessment were topography and slope
angles, extreme monthly precipitation, seismic
activity, lithology, mean temperature in winter
months (for snow avalanches) and hydrological
conditions. Although the first-pass analyses were
done with relatively simple models, they still

RE Ay, ST, UMEPRIRITS B v, 3083

Fig. 11.6 Landslide risk hotspot zonation for Central Asia (lefr) and Central America (right)
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provided a fairly good estimate of the landslide
hazard. Validation of the global hazard prediction,
which was carried out for Georgia, Armenia,
Sri Lanka, Nepal, Jamaica and Norway, showed
fair agreement between the boundaries of the
known slide-prone areas and the hazard zones pre-
dicted by the global model. However, the analyses
suffered from significant shortcomings in the qual-
ity and resolution of the available global data sets.

Working in a smaller area, it should be possible
to refine the analyses using better resolution in the
input data, as well as adding supplementary para-
meters such as land cover, deforestation and effects
of long-term climatic change. With use of a more
comprehensive set of site-specific data, it should
also be possible to make a prediction of economic
losses with the model, and not only fatalities, as was
done in the present study.

The estimation of the risk associated with land-
slides was based on data on lives lost as recorded in
various natural disaster impact databases. The esti-
mation of expected number of lives lost was
achieved by first combining the landslide frequency
and the population exposed, and then doing a
regression analysis using different sets of uncorre-
lated socio-economical parameters. The study iden-
tified the socio-economic parameters that seem to
have the strongest correlation with expected fatality
due to landslides. Improved data quality, adding
new type of data sets to the model, and having loss
data from the landslide-prone countries that are
presently missing, are important for better under-
standing and identification of the most relevant
socio-economic parameters that affect landslide
risk.

The study clearly showed that the following
countries and geographical areas are among the
landslide hazard hotspots: Central America,
North-western South America, the Caucasus
region, the Himalayan belt, Taiwan, Philippines,
Indonesia, Italy, and Japan.

The conclusions of this study were all based on a
global model, which does have shortcomings when
applied at a local level. Use or interpretation of the
results for specific national conditions is not
recommended without further detailed investiga-
tions. Several factors contribute to uncertainties
in the predictions presented in the paper, the

major one being the scarcity of high-quality,
high-resolution data at a global scale. Additional
factors that could lead to improved predictions are
discussed and suggestions for revision of the model
are given.
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International Summer School on Rockslides
and Related Phenomena in the Kokomeren
River Valley, Tien Shan, Kyrgyzstan

Alexander L. Strom and Kanatbek E. Abdrakhmatov

Abstract The annual field training course sponsored by ICL and IPL has been
organized since 2006 in the Kokomeren River Valley in Kyrgysztan, Tien Shan.
Students and young landslide researchers are visiting bedrock landslides of
various types and learning different methods of their study. High emphasis is
placed also on geological and neotectonic factors favorable for large-scale land-
slide formation. ICL Summer School on Rockslides and Related Phenomena
promotes the capacity building in landslide hazard and risk assessment.

Keywords Rockslide « Rock avalanche « Landslide dam « Tien Shan « Capacity

building

12.1 Introduction

Large-scale catastrophic bedrock slope failures
belong to the most hazardous natural phenomena
that endanger people living in mountainous regions.
Unlike “common” landslides and rockfalls, which
affect just collapsing slopes themselves and areas
directly at their feet, simultaneous failure of millions
and, sometimes, billions of cubic meters of rocks
can devastate vast areas, extending up to 5-10 km
and even more from their source zones. Moreover,
they often have disastrous secondary effects like
valley inundation due to river damming and subse-
quent outburst floods. It can be exemplified by the
1786 earthquake triggered Dadu rockslide in China
that formed a dam, which subsequent failure killed
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about 100 000 people downstream, thus being the
most disastrous rockslide catastrophe ever reported
(Lee and Dai in press). In 1841 and 1858 catastrophic
floods occurred due to failure of rockslide dams that
had blocked the Indus River and its large tributary,
the Hunza River, correspondingly (Hewitt 2002). In
1881 rock avalanche destroyed the Elm village and it
was the first time when long runout event was
described scientifically (Heim 1882; Hsii 1975).

In 1911 the Usoi rockslide dammed the Murgab
River in Pamirs and formed the 500-m deep Sarez
Lake that still poses a potential hazard for the large
part of the Amu-Daria River basin (Gaziev 1984,
Alford and Schuster 2000). In 1949 the Khait rock
avalanche caused by strong M 7.4 earthquake — the
most disastrous landslide event in Central Asia
region — buried the Khait town with several thou-
sands of its inhabitants (Leonov 1960). In 1963
breach of the Issyk Lake rockslide dam near Almaty
City in Kazakhstan produced debris flow that deva-
stated the entire valley and caused numerous casual-
ties (Litovchenko 1964). Unfortunately this tragic
list can be extended.
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To promote the capacity building in large-scale
rockslides hazard and risk assessment the special
field training course sponsored by ICL and IPL —
the Summer School on Rockslides and Related Phe-
nomena — have been organized in the Kokomeren
River Valley in Kyrgysztan, Tien Shan since 2006.
It’s main objective is to acquaint students and
young landslide researchers with various types of
bedrock landslides and methods of their study.
High emphasis is placed also on geological and
neotectonic framework in which large rock massifs
fail catastrophically, on surface ruptures in particu-
lar. The latter can be considered as traces of strong
past earthquakes, which, as we assume, repeatedly
shook the study region in the past and, therefore,
can occur here in future, causing new large-scale
bedrock slope failures.

12.2 The Study Area

The Tien Shan (“Sky Mountains”) (Fig. 12.1) is
one of the highest and most seismically active
parts of the Central Asian Mountain belt. Numer-
ous very large landslides are known here, yet only a
small part of them have been described in publica-
tions (Fedorenko 1988; Zolotarev 1990; Strom
1998; Delvaux et al. 2001; Strom and Korup 2006;
Abdrakhmatov and Strom 2006) and in unpub-
lished technical reports.

The Kokomeren River basin was selected for the
training course due to favorable combination of
several factors:

e Presence of numerous rockslides and rock ava-
lanched ranging from several millions to more

than one billion cubic meters in volume within a
limited area about 40 km from North to South
and from East to West (Fig. 12.2) and variability
of their types and morphologies. There are rock-
slides with compact bodies that form high natural
dams and those transformed into long runout
rock avalanches (Fig. 12.3); confined and uncon-
fined events; rockslides deeply incised by erosion
that provides excellent opportunity to study their
internal structure (Fig. 12.4); evidences of river
valley inundation.

e Expressive neotectonic structures, presence of
numerous active faults and surface ruptures,
which allow better understanding of geological
and seismotectonic framework in which large
rockslides have occurred.

e Arid climate, favorable to very good exposure of
various morphological features and outcrops not
masked by forestation.

e Accessibility of the study area located near the
road at one-day trip distance from the Bishkek
City — capital of Kyrgyzstan. Bishkek is con-
nected by direct daily flights with Moscow, Istan-
bul and London. It is also possible to arrive via
airport of the Almaty city — former capital of
Kazakhstan.

12.3 The Completed and Future
Activities

The idea to organize annual training course in the
Kokomeren River arose during the NATO
Advanced Research Workshop “Security of Nat-
ural and Artificial Rockslide Dams” that was held

Kazakh Shield

Fig. 12.1 Position of the
Kokomeren River basin
within the Tien Shan
Mountain system
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Fig. 12.2 Location of the large-scale slope failures in
Kokomeren River basin between the Suusamyr and Djumgal
intermontane depressions — the target area of the field training
course. Fragment of the 3" SRTM DEM as the background.
Three general types of slope failures are selected — landslides in
unconsolodated N-Q sediments (LS), bedrock landslides
with compact bodies — rockslides (RS), bedrock landslides
transformed into long runout rock avalanches (RA). The
Kyzylkiol caldera-like collapse is marked as well (site No 26).
1 — Snake-head RA; 2 — Seit RA; 3 — Pre-Seit RS; 4 — Oigaing

in Bishkek in June 2004. The meeting convened 48
landslide experts from Austria, Belgium, Canada,
China, Germany, Italy, Kyrgyzstan, Mexico, New
Zealand, Russia, Switzerland, Tajikistan, UK, and
the USA. Much of the preparatory work for the
workshop and field trips was supported by IPL M-
111 Project “Detail study of the internal structure of
large rockslide dams in the Tien Shan and the Inter-
national field mission — Internal structure of dis-
sected rockslide dams in Kyrgyzstan”. The 5-days
field trip in the Kokomeren River valley after the

Fig. 12.3 The Kashkasu
rockslide dam (/eft) and the
long runout Seit rock
avalanche (right)

RS; 5 — Burundu RS; 6 — Chongsu RA; 7 — Chongsu-2 RS; 8§ —
Sarysu RA; 9 —Toppling site; 10 — Kashkasu RS; 11— Kashkasu
mouth RS; 12 — Kokomeren RS; 13 — Kokomeren-satellite
RS; 14 — Upper-Toruaigyr (left & right) RA; 15 — Displaced
peneplain RS; 16 — Ancient RA; 17 — Mini-Kofels RS; 18 —
Northern Kara-Kungey RA; 19 — Southern Kara-Kungey RA;
20 — Pre-Southern Kara-Kungey RA deposits; 21 — Western
Djumgal LS; 22 — Mingteke RA; 23 —South-Suusamyr LS ; 24 —
Chaek-1 and Chaek-2 LS; 25 — South-Aral RS; 27 — 1992
Chet-Kurumdu LS

workshop gave a stimulus to organize the annual
Summer School in this particular region.

Its preparation started in 2005 and was sup-
ported by the IPL Projects M-111 and M-126
“Compilation of landslide/rockslide inventory of
the Tien Shan Mountain System”. The detailed 90-
pages full-color Guidebook describing rockslides,
large landslides and main neotectonic features of
the region in question was prepared and was pro-
vided to the Summer School participants along with
its electronic version on the CD. The PDF file with
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Fig. 12.4 The Kokomeren
rockslide about 1.5 km? in
volume, which body has
been completely cut through
by the river. Arrow marks
the location of recent fault
which motion could trigger
slope failure

reduced figures’ resolution can be downloaded from
the ICL web site (http://www.iclhq.org).

In 2006 and 2007 young landslide researchers from
Kyrgyzstan, Czech Republic, Italy and USA partici-
pated in the Summer School (Fig. 11.5). They worked
on bedrock slope failures mapping, studied their inter-
nal structure, grain-size composition, geomorphic evi-
dences of river damming. Several publications and
presentations on the International scientific meetings
were prepared based on these investigations (Korup
et al. 2006; Strom et al. 2006; Hartvich et al. 2008;
Strom and Stépan&ikova 2008).

Since 2008 Rockslide Summer School will be
supported also by the 6th Framework Programme
EU-INCO Specific Support Action “International
Working Group on Natural Hazards in the Tien
Shan”. Members of this Working Group will
demonstrate geophysical and geotechnical methods
of landslide field studies.

Fig. 12.5 Participants of
summer schools in the field

12.4 Perspectives of the International
Co-Operation

Reliable and well-grounded landslide hazard and
risk assessment in the Tien Shan region requires
compilation of the complete and uniform inventory
of such phenomena for the entire mountain system
comparable to that of the European Alps (Heim
1932; Abele 1974). It can be exemplified by studies
that were carried out in the Suusamyr basin and
surrounding ranges in the Northern Tien Shan
(Havenith et al. 2003) where several hundreds of
landslides have been identified on satellite images,
forming the database for slope stability analyses.
One more promising field of future research is land-
slide dating that will provide additional input data
for probabilistic hazard assessment. We believe that
the ICL Summer School on Rockslides and Related
Phenomena will promote wider International




12 School on Rockslides and Related Phenomena in the Kokomeren River Valley, Tien Shan

227

co-operation in these fields, as well as in the other
landslide-related studies not only in Kyrgyzstan,
but in other Tien Shan countries — Uzbekistan,
Tajikistan, Kazakhstan and China as well.
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Landslide Investigation and Capacity
Building in the Machu Picchu - Aguas

Calientes Area (IPL C101-1)

Kyoji Sassa, Hiroshi Fukuoka and Raul Carreno

Abstract Cultural Heritages and other historical buildings constructed on stable
grounds often stand for many years. Stable grounds are not always stable for ever
in the face of weathering of rocks, toe erosion of the slope by rivers, climate
change, earthquakes, and possible human activities. It is the frontier of research
in Landslide Science to evaluate the risk of slopes which have been stable for
more than 500-1000 years. It is very similar to earthquake risk evaluation and the
preparedness for earthquakes along active faults such as the 2008 Sichuan
(Wenchuan) earthquake in China. Such long-term risk evaluation addresses
social and scientific research needs. This paper briefly introduces the successful
lesson learnt for landslide risk evaluation and preparedness in the Tang Dynasty
(618-907) Imperial Resort Palace in Xian, China for risk evaluation and pre-
paredness of Precursor Stage of Landslides before failure, and then describes the
landslide risk evaluation in Inca’s World Heritage Machu Picchu, Cusco, Peru.

13.1 Introduction C101-1-2: Expressions of risky geomorphologic
processes as well as paleogeographical evolution
of the area of Machu Picchu (Czech-Slovak)

C101-1-3: Shallow geophysics and terrain stabi-
lity mapping techniques applied to the Uru-
bamba Valley, Peru: Landslide hazard eva-
luation (Peru-Canada)

C101-1-4: A proposal for an integrated geophy-
sical study of the Cuzco region (Italy)

C101-1-5: UNESCO-Italian-ESA Satellite mon-
itoring of Machu Picchu (Italy)

IPL Project “Landslide Investigation in Machu
Picchu World Heritage, Cusco, Peru” was
proposed by K. Sassa and approved as IPL
C101-1 at the First Session of the Board of
Representative of ICL held at UNESCO in
2002. It has the following subprojects

C101-1-1: Low environmental impact technolo-
gies for slope monitoring by radar interfero-
metry: application to Machu Picchu site
(Italy) All of these groups presented their research at the

International Workshop on Landslides in Machu

Picchu Machu, Peru which was jointly organized

by the International Consortium on Landslides

(ICL), Instituto Nacional de Cultura (INC), Peru-

vian Instituto Geoldgico Minero y Metalurgico

(INGEMMET) on 12-13 September 2005. The

major investigation results reported at the workshop
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and updated information appear as Chaps. 13, 14,
15, 16 and 17 of this book. This chapter (IPL C101-1)
describes the comparison with its subprojects at the
end of chapter. ICL’s application for to JICA (Japan
International Cooperation Agency) to mitigate land-
slide disasters was accepted in 2007 under the title of
“Technology transfer and capacity building project
strengthening landslide risk reduction through the
establishment of the community task force for disas-
ter preparedness including landslide monitoring in
the Peruvian mountainous region - Model case for
Machu Picchu — Aguas Calientes town in Cusco”.
The major target is toward capacity building to
reduce landslide and debris flow disasters. Subse-
quently, the project title was changed to “Landslide
investigation and capacity building in Machu
Picchu — Aguas Calientes Area” to reflect the content
of this project in 2008.

This paper presents firstly the difficulty of risk
evaluation for Precursor Stage of Landslides before
the initiation of a large displacement by introducing
a lesson from Xian, China, secondly the landslide
risk evaluation at Machu Picchu at the present stage
referring to the investigation results of subprojects,
then the conclusions obtained from investigation
and experiences is stated in the end.

13.2 Lesson Learned from Landslide
Hazard Assessment in Cultural
Heritage in Xian, China

13.2.1 Landslides at Cultural Heritage
Sites

The return period of landslides varies considerably
from annually to 1000 years or more. Landslide risk
is easily understood and preparations are possible
by residents and the local government where land-
slides may occur every year such as on slopes in
active volcanoes where volcanic ash falls on the
slope. In slopes where weathering rates are very
high, landslides will occur every tens of years.
Those areas are also easy to prepare for because
residents and officers in the local government in
charge of disaster reduction clearly remember the
previous landslide hazard event. However, where
the return period of landslides is very long, on the

order of 1000 years, the issue is different. It is the
same order of re-activation as with Active Faults
causing earthquakes such as the Kobe (Hyogoken-
Nambu) earthquake 2005 in Japan and the Sichuan
(Wenchuan) earthquake 2008 in China. In the case
of return period of the order of hundreds or thou-
sands of years, areas may have been unihabited and
hazard event lessons were not recorded or trans-
ferred to residents or governments.

Before the Kobe earthquake in Japan, it was
commonly thought that it is of no use to prepare
for events which may come on the order of 1000
years. [tis NOT a matter to be tackled by us, butitis
a matter of future generation. This thought was
quite generally applied for landslides. Almost
nobody examined the landslide risk of the order of
hundred or thousand years. It was thought that the
landslide risk evaluation technology did not reach
the level any way.

In the case of cultural heritage which have stood
over many years, they were likely constructed on a
stable ground. If it were not stable, they should have
already been destroyed and abandoned. The exist-
ing buildings and sites recognized as cultural heri-
tage or historical building have stood over many
hundreds to thousands of years. It is one of the
reasons of designating these a heritage. However,
standing over a hundred or thousand years cannot
guarantee the same safety in the future. It was proved
by the Kobe earthquake and the Sichuan earth-
quake. Difficulty of understanding the landslide
risk of landslides in cultural heritage sites exists on
this point.

Landslides can be classified into four types, (1)
presently moving landslides, (2) reactivated types of
landslides which move almost every year or every 10
years although their movements during one activa-
tion are often limited and not fast, (3) precursor
stage of landslides, where the movement level is
prior to failure, but a slight slope deformation is
initiated, and (4) potential landslides, that are stable
at present, but the slope may experience landslides
when a trigger such as an earthquake, heavy rainfall
or a further decrease of stability by natural or
human toe cutting of slopes or progress of further
weathering may occur. The factor of safety is mar-
ginal in the slope geometry, the underground struc-
ture, shear strength of soils and rocks and the
ground water condition.
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Once slope deformation starts, the shear strength
in the shear zone decreases due to rock breakage or
softening of over-consolidated soils and promotion
of physical and chemical weathering with increased
ground water flow through larger cracks. The slope
deformation will be accelerated and reach the fail-
ure due to a decrease of shear strength in the shear
zone.

Implementation of landslide risk investigation in
the precursor stage of landslides or potential land-
slides depends on the significance of “Object” to be
protected as well as the policy. It is usual to investi-
gate potential landslides and precursor stage of
landslides for the construction of nuclear power
plants. It is necessary without doubt for the security
and safety of society. What should be the philosophy
for slopes of cultural heritage sites? Is it necessary or
not necessary? If it were not the consideration of
budgets, many people wish to avoid the destruction
of cultural heritage.

13.2.2 Landslide Hazard Assessment
Project for Imperial Resort Palace
in Xian, China

An Imperial Resort Palace called Huaqing Palace
or Lishan Palace is located in Xian, China. It was
constructed in the Tang Dynasty (618-907) more
than 1300 years ago. It attracts more than 3 million
visitors per year from China and the rest of the
world. The area is tectonically active. Large faults
(Baouji-Sianyan-Tongguan fault system) are
located in the area and great earthquakes including
the Huaxain earthquake Mw 8 in 1556 is known
(Geology and Mineral Resources of Shaanxi
Province 1990, Xi’an Seismological Bureau. 1991).
Fig. 13.1 (Top) shows the frontal view of the Lishan
slope on the back side of Palace, and the photo
(bottom) shows the view from the slope to the
Palace and the central area of Lintong town in
Xian. The slope of Lishan is a fault scarp, and the
hot spring in this area is due to the ground water
coming from deep layers through the fault. There is
no volcano in this area. Therefore, this imperial
resort palace was constructed by presumably select-
ing the site which could use the hot spring coming

out through the fault, as well as enjoy the good
scenery of the fault scarp (triangular facet) cutting
the mountain ridge. The central pond in Fig. 13.1 is
called as the Huaqing pond and buildings on the
right side of the pond are hot spring baths for the
Emperor and Lady Yang-Que-Fe and also officials
working in the Palace.

Sassa and other 18 Japanese landslide research-
ers investigated the slope behind the Huaqing
Palace together with 50 Chinese landslide research-
ers at the China-Japan Joint Field Workshop on
Landslides in October 1987. Loess blocks on this
slope already failed and other parts show phenom-
ena of slope deformation at least on the surface.
Opinions of researchers were diverse regarding the
depth and the area of landslides (shallow and small
soil creep to deep and large slides) and the present
risk of this slope. The surface soil of this slope is
mainly loess deposits; the bedrock is formed of Pre-
cambrian gneiss, which is seen outcropping. One
individual believed that the hard Precambrian
gneiss rock mass is very unlikely to be subjected to
landslides, whereas another thought that this slope
is the cliff of a large active fault and the rock mass
should be sheared and fractured which may move
on this steep slope of over 35 degrees. But the main
opinions in both countries supported the former.
The fact that this rock slope was stable since the
Tang Dynasty (618-907), and although strong
earthquakes repeatedly attacked this area (Lin
1997; Xi’an Seismological Bureau 1991) supported
this opinion. However, participatns agreed with the
existence of surface deformation and the necessity
of further investigation. After some efforts, we
obtained budgets for the Japan-China Joint
Research on the Assessment of Landslide Hazards
in Lishan, Xi’an since 1991 as a part of special
project of the Ministry of Education, Sports, Cul-
ture, Science and Technology (MEXT) Japan con-
tributing to the International Decade for Natural
Disaster Reduction (IDNDR) and conducted for 8
years (3 years + 5 years).

13.2.3 Main Results of the Project

China and Japan investigated the slope by numer-
ous drillings, two investigation tunnels for direct
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Fig. 13.1 View of Lishan
slope (7Top) and view from
Lishan slope to the imperial
resort palace “Huaqing
Place” of Tang Dynasty and
the centre of Lintong area in
Xian, China
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observation, GPS, Total Station, inclinometers,
and geotechnical testing especially an undrained
loading ring shear test, triaxial tests, estimation
of travel distance, and others for 8 years. Initially
most people and landslide experts believed that the
slope must be stable because there is no trace of
previous landslides since the Tang Dynasty in this

slope and materials are Precambrian gneiss hard
rock. Some people working in the Lishan Palace
opposed the installation of monitoring equipment
inside the Palace believing this may affect visitors.
However, an understanding was soon obtained
that preparedness is better than losing the entire
Palace.
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Fig. 13.2 Landslide zoning
of the Lishan slope The green
line shows the border of
estimated precursor stage of
landslide blocks Two red
lines show a series of long-
span extensometers (A1-A8)
and (B1-BS)
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Fig. 13.3 The key record of landside movement as a block
which was monitored in 1996 after the initiation of Japan-
China Joint project in 1900 as a IDNDR (International
Decade for Natural Disaster Reduction) special project.
The record convinced the initiation of expensive landslide
remedial measure by the Government of China, the Shaanxi
Provincial Government and the Xian Municipal government
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The key result that convinced the policy maker
is shown in Figs. 13.2 and 13.3. Figure 13.2 is pre-
cursor stage of landslide blocks which were made
based on careful field investigation and monitoring
by K. Sassa (Sassa et al. 1997). Namely 3 blocks are
suspected as precursor stages of landslides from care-
ful investigation. To detect any of precursor stage of
slope deformation, two long-span extensometer lines
(A-line and B-line) were established. Figure 13.3
shows monitoring results in 1996 after 5 years of
monitoring since the initiation of the investigation.
Around 60 mm of precipitation was recorded, 3 weeks
later A-7 extensometer recorded an extension of
about 10 mm. Then another ~100 mm rainfall
fell on this area. The A-1 extensometer recorded
about 10 mm of compression. We interpret this as
evidence that Block No.l moved firstly in the upper
part of block, the landslide body was compressed



234

K. Sassa et al.

for a short period, and during the second rainfall,
the compression was released toward the Huaqing
Palace. As a result, Block No.I moved about 10 mm
as a block within 2 months.

From the location of the 3 blocks, it is estimated
that Block No. 2 may also move when Block No.1
moves by losing support along its border. Careful
reading of the monitoring results of Fig. 13.3,
extensometer Bl started to move at the almost
same time, though the displacement is approxi-
mately 1/3 as much, namely 4 mm. This figure
helps visualize the instability and marginal stabi-
lity of this slope even in the order of a few to 12 mm
of movement.

The movement is still in the precursor stage of
slope deformation. However, the direct observation
of potential sliding surface within the investigation
tunnels provided the information on the shear zone
development. The result was reported in the Inter-
national Symposium on Landslide Hazard Assess-
ment held in Xian on 13-16 July 1997 (Sassa et al.
1997), and later the study was published in 2001
(Sassa et al. 2001). The honorary chairperson was
Mr. Qiyuan An, Secretary-General of the Commu-
nist Party of the Shaanxi Province understood the
significance of the investigation and monitoring
results (he is a seismologist), and took a key role in
the initiation of landslide prevention works by
investing three million U.S. dollars with funds
from the municipal, provincial and national govern-
ments of China and started remedial works within
one year. It is the first case in the world as far as we
know of the initiation of extensive landslide reme-
dial measures at a Cultural Heritage site for the
mitigation of landslide risk during the Precursor
stage of a Landslide.

This symposium and joint research result was
well evaluated by participants from UNESCO and
the IGCP (International Geoscience Programme)
and others. The technology to mitigate precursor
stage of landslide can be applied to other cultural
heritage sites or other critically important sites in
other countries. The IGCP-425 project “Landslide
hazard assessment and mitigation for cultural
heritage sites and other locations of high societal
value” was initiated (Leaders: Sassa, Canuti and
Carreno) in 1998. It acted as a base for the founda-
tion of the International Consortium on
Landslides.

13.3 Development of IPL Project
on Machu Picchu

IGCP-425 project supported 31 subprojects. One of
subprojects was No.15 “Protection of Inca Cultural
Heritage on a Landslide Zone at Cusco, Peru” (lea-
der: Raul Carreno). He introduced the problem of
landslides at Machu Picchu. He investigated land-
slide activities in an area including the Hiram Bing-
ham road. The landslides along the Hiram Bingham
Road area (Block No.1 in Fig. 13.8 and 13.10) were
reported earlier (Carreno and Bonnard 1997,
Kalafatovich 1963).

The archaeological site (Inca’s citadel area) was
not included in the landslide area. But it is on an
adjacent slope. Sassa wished to investigate the pos-
sibility to expand the landslide area to the citadel
area. Subsequently, Sassa, Fukuoka, and Shuzui
investigated the area with the support of the INC
(Instituto Nacional de Cultura) of Peru in 2000.
Then, they noticed that possibly Inca’s citadel was
constructed on the relatively flat area of the moun-
tain ridge which had been formed a previous land-
slide. There was a possibility of another similar
type of landslide occurring in the future. Namely,
the slope may be either a precursor stage of a land-
slide in which case a slight slope deformation is
already on-going, or there is a potential landslide
which is completely stable but the safety factor is
marginal. The investigation and initial monitoring
of extensometers was conducted in 2001. Based on
the monitoring results showing landslide move-
ment there, IPL project C101-1 “Landslide Inves-
tigation in Machu Picchu World Heritage, Cusco,
Peru (leader: K. Sassa) was proposed and
approved at the First session of the ICL Board of
Representatives held at UNESCO in 2002. Some
colleagues applied subprojects by raising funds
from their countries and also UNESCO. A total
of 5 subprojects of C101-1 were approved. Within
those subprojects, contents of 4 subprojects in
addition to our activities are introduced in the
following Chapts. of 14, 15, 16, and 17.

In 2004 a debris flow impacted the town of Aguas
Calientes (also called Machu Picchu Pueblo) and 11
residents were killed. The Machu Picchu citadel is
very important to the society of Peru and also in the
rest of the world. Due to the limitation of the flat
area at Machu Picchu, most people working for
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Machu Picchu and visitors live or stay in the Aguas-
Calientes area which is frequently affected by debris
flows. Then, Sassa and Fukuoka proposed a project
“Technology transfer and capacity building pro-
ject strengthening landslide risk reduction through
the establishment of the community task force for
disaster preparedness including landslide monitor-
ing in the Peruvian mountainous region — Model
case for Machu Picchu — Aguas Calientes town in
Cusco” to the Japan International Cooperation
Agency (JICA) in 2005 and in 2006. The project
proposal was accepted by JICA in 2007. As a
result, the preliminary investigation team of JICA
visited Peru and exchanged two agreements, one
between the Instituto Nacional de Defensa Civil of
the Government of Peru (INDECI, represented by
its Chief, Mr. Luis F. Palomino) and the ICL,
another between the Municipality of Machu Pic-
chu (represented by its Mayer Mr. Edgar Miranda
Quinones) and the ICL in order to implement this
project for three years. This is now in preparation.

Figure 13.4 presents an air photo image of the
targeted area including the Machu Picchu citadel,
the access road (Hiram Bingham road) area, and
Aguas Calientes town where two debris flow torrents
pass through. Figure 13.5 shows the 2004 debris flow
disaster. Another debris flow impacted this town in

Fig. 13.4 The targeted area
of Machu Pacchu Picchu
project. Left-Bottom:
Archaeological site (Machu
Picchu citadel) Center:
Reactivated landslide area
on which the access
switchback road is
constructed. Right-Top:
Aguas Calientes town which
are threatened by two debris
flow torrent

2007, the debris flow height was fortunately just
below the flood level and no person was killed.

13.4 Landslides in Machu Picchu

Figure 13.6 shows the general view of the Machu
Picchu citadel. One can see the steep and rocky
Huayna Picchu mountain peak showing the geolo-
gical and geomorphologic circumstance of this area.
In front of this mountain, a town is constructed; the
central flat square called the Plaza and many build-
ings on both side of the mountain ridge. Machu
Picchu was selected one of the New Seven Wonders
of the World in 2007. One reason of the selection as
one of New Seven Wonders might come from the
creation of construction site of Plaza and houses on
the mountain ridge. When Sassa et al visited there
had a glance of panoramic view of them in 2000, it
was a wonder for themselves.

However, interpreting the air photo (Fig. 13.7)
and visual observation from chartered helicopters
(Fig. 13.9) as well as the view from the opposite
mountain Mt. Putukusi (Fig. 13.8), Sassa noticed
that the relatively flat area on the top of mountain
ridge was probably formed by previous landslides.
Figure 13.7 photo shows that the citadel area (red

Targeted Area

is Flows
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Fig. 13.5 A Debris flow along the right side torrent (Alca-  flow along the left side torrent (Aguas Calientes) attacked the
mayo) in Fig. 13.4 killed 11 residents in 2004. Railway was  town again in 2007
broken and President Toledo was blocked. Another debris

circle) was scraped toward both sides of mountain a very flat plane (marked as Block No. 2) upon
ridge. It could be caused by river erosion onto the which the citadel was constructed. This plane may
slopes in the part of curvature. Figure 13.8 presents  be a shear band (fault) which could be the sliding

7N
Machupicchu 1
.
# Cusen
FroE R D

Huayna Picchu

sake Titica

Una Picchu

Fig. 13.6 Location and view of Machu Picchu Inca citadel The Ground Penetration Radar visualized the profile
on the mountain ridge. The central square called as Plaza was  (Chap. 7 Fig. 7.7 of this book)
possibly filled in cracks by Inca people to create a flat square.



13 Landslide Investigation and Capacity Building in the Machu Picchu - Aguas Calientes Area

237

Fig. 13.7 Airphoto of Machu Picchu (Geographical Insti-
tute, Peru) Red circle shows the location of Machu Picchu
citadel. The Urubamba river is flowing in a Zigzag along

surface because the inclination is almost parallel to
the slope. The left side of Fig. 13.8 is Block No.1 of
the Hiram Bingham Road which is already known

Fig. 13.8 Photo of Machu Picchu slope. Reactivated type of
landslide (Block No.1) on which access road was constructed.
A hard rock mass (Block No.2) which seemed to fail to the
river and to the Block No.2. The flat ground surface was
possibly a fault/shear band, the rock mass above this face slid
in the past. Namely the present ground surface was likely the

faults/shear bands. The river erosion seemed to have attacked
the toe of slopes and caused landslides (both sides of citadel)

as a reactivated type of landslide (Carreno and
Bonnard 1997; Kalafatovich 1963). The difference
is very clear in this photo. Block No. 1 was already

sliding surface of previous landslide.The vertical red dashed
line is a border of Block 1 and the initial Block 2. The border
of Block 2 probably failed to Block 1, then the Block 1
(reactivated landslide area) extended. The extended part of
Block 1 is shown as (1°) in the figure
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affected by landslides, Block No.2 was not affected
by landslides at present though smaller landslides
seemed to fail from Block No. 2 onto Block No.1
and also down to the Urubamba river (to the front
in this figure) along the border.

Figure 13.9 presents three photos taken from a
helicopter (a) and from the ground (b and c). As
indicated by the red line and arrow in (a), probably
the previous landslide slid along the present ground
surface. Usually such shear bands (faults) develop
parallel as a system. Photo Fig. 13.9 (b) shows two
parallel shear bands formed within the intact hard
rock mass. Arrow “A” and Yellow dashed line in
Fig. 13.9 (a) may be the shear band. Crushed rocks
in this shear band enabled growth of vegetation
because of soil and ground water as found in (b)
and (c). Close-up photo of the point “A” indicates
the rock mass was already sheared and displaced,
namely the direction of previous landslide as show
in red arrow in Fig. 13.9 (a). Integrating this infor-
mation and consideration of available data,
Fig. 13.10 was made which presents the landslide
blocks in the north slope of Machu Picchu.

1) The Urubamba River flows from the left to right
while undercutting the Machu Picchu slope. The
river erosion was likely one of major causes of
landslides on this slope.

2) Previously all slopes of Number 1-3 probably slid
down. Block No. 1 is currently an active landslide
as seen in Fig. 13.8, and it is one step lower

a) Huayna
Picchu

Fig. 13.9 Airphoto by
chartered helicopter (Sassa
2000) and the view of Point
A from the ground. The
present ground surface was
likely a shear band and the
shear band shown as A is
probably parallel to the
ground surface

Machu Picchu
Citadel

compared to Block No. 2 and No. 3 (refer to
cross sections in Figs. 13.11 and 13.12). There-
fore, Block No. 2 slid for a second time. Because
of the low elevation of Block 1, parts of Block 3
and Block 2 moved toward Block 1 which is
shown as Block (1°). Currently small landslides
(a), (b), (c) occurred along the border of Block
No. 2. Deep landslide deposits exist as shown in
Yellow zone along the river. (It is the same with
Fig. 17.5 of Chap. 17, Casagli et al. 2008)

3) Green colored areas of Block No. 3 and Block
No. 2 are those which are stable or almost stable
zones at present.

4) Red colored areas of Block No. 1 are active
areas, the brown colored part within Block No.
2 is an area which might be active.

5) Further examination and interpretation of land-
slide processes are given in the next section using
two longitudinal sections and cross sections of
A1-A2-A3, B1-B2-B3, and C1-C2-C3 shown in
Fig. 13.10.

13.5 Possible Landslide Development
Process in Machu Picchu

Figure 13.11 shows the interpretation of the land-
slide development process on the Maachu Picchu
slope (Sassa et al. 2001, 2002 and 2005)
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Fig. 13.10 Landslide Blocks of Machu Picchu slope (front
side) The water flow of Urubamba river have attacked the
Machu Picchu slope side because of its curved flow path. Red

The stages of landslide evolution were illu-
strated for Block 1 and Block 2 in a schematic
form. A long time ago, it is probable that retro-
gressive landslides occurred on the front slope of
Machu Picchu. After the whole landslide debris
moved out to the Urubamba River, the downward
erosion proceeded farther. The level of the Uru-
bamba River shifted about one hundred meters
downward almost to the present level. Three slopes
of Block 1, 2, 3 showed the difference in the land-
slide evolution speed. The slope of Block 1 had

color area is reactivated landslides which are currently active.
Block No.1 seemed to have pushed out the Urubamba river

been most heavily subjected to toe erosion of the
Urubamba River as easily understood by the
curved path of the river and flow direction in
Fig. 13.10. Firstly, the slope started to slide as
illustrated in the intermediate period (Stage 2) of
Block 1. The initial landslide retrogressively
expanded to the upper slope and toward the side
slopes, then, the present situation of Stage 3, where
active landslide debris covers the slope, was
formed. One can see in Fig. 13.10 that the Uru-
bamba River was pushed forward by the landslide
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Fig. 13.11 Possible
development process of

Block No.1 (H. Bingham Road)

Block No. 2 (Inca citadel)

landslides in Machu Picchu

slope Old (Stage 1)

Old (Stage 1)

Downward

Intermediate
(Stage 2)

Erosion

|Present (Stage 2)
Machu Picchu
Citadel

Present (Stage 3)

-
-
¢

Landslide Debris

Cross Section (View from Urubamba River)

Intipunku

Mt.Huayna Picchu

Machu-Picchu

debris provided by Block 1. So this landslide debris
has probably worked for the protection of toe ero-
sion of Block 2. Because of this protection, the
evolution of Block 2 was much delayed and it is
still in the Stage 2. The most delayed block in slope
evolution is Block 3. After previous landslide deb-
ris moved out, no major landslides occurred
because there is almost no river erosion as ima-
gined from Fig. 13.10. The landslide evolution in
the cross section is illustrated in the bottom of
Fig. 13.11. Only Block 1 was subjected to major
landslides at the present level of Urubamba River
and located in the lower elevation which continues to
the around present level of the river bed. And Block
2 is now following the process of Block 1.
Figure 13.12 (Top) shows the longitudinal section

Block 1

Huayna-Picchu

Fault Fault

along A1-A2-A3 in Block 1.The depth of landslides
is not known, but the whole slope from the mountain
ridge to the river is affected by active landslides and
covered by landslide debris. Figure 13.12 (Middle)
presents the longitudinal section along B1-B2-B3 in
Block 2. The section B1-B2 shows the active land-
slide at the toe (c in Fig. 13.10), and others are still at
the precursor stage. The potential sliding surface will
be a shear band found in Fig. 13.9. If we consider
that the potential sliding surface is located at the
level as shown in Fig. 13.12 (Middle), the depth of
landslide is around 100-150 m.

Figure 13.12 (Bottom) presents the cross section
along C1-C2-C3. The potential sliding surface of
Block 2 may be the extension of the present sliding
surface of Block 1. In this figure, the sliding surfaces
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of real landslides are drawn by a solid line although
the depth is not yet confirmed. The sliding surfaces
of potential or precursor stage of landslides are
drawn by a dot line.

There is a Question for the reason why the sliding
surface goes up to the Plaza in Block 2 (Figs. 13.6,

Horizontal Distance (m)

13.9 and 13.12), which may split the Plaza of Inca
Citadel. The reason is interpreted below from the
data obtained up to now: The ground water will
increase in the lower part of the slope collecting
ground water from the upper slope because the
shear band probably has a low permeability and
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dips parallel with the front slope. Ground water
should increase in the lower slope because of rain
fall infiltration has accumulated (illustrated in the
middle figure of Fig. 13.12). Therefore, probably
the ground water level and pore-water pressure is
greater in the lower part of Block 2, and almost no
ground water near the top of slope because of a very
limited collection of rainwater. In this case, the top
of Block 2 (area of Plaza and Intiwatana) is rather
stable, so tensile stress should act between the lower
instable part and the upper stable part. Accordingly
tension cracks may be formed. The concavity in the
Plaza likely corresponds to the tension crack,
though the concavity was filled possibly by the
Inca’s to create flatter ground suitable for their
living, which is not clearly visible on the ground
surface at present. The cracks might have been filled
by Inca’s people and a flat square was formed. The
underground structure detected by Ground Pene-
tration Radar Survey (Fig. 16.6 of Chap. 16, Best
et al. 2008) supports this estimate.

13.6 Landslide Monitoring in Machu
Picchu

The Japanese team installed short span extens-
ometers (2 sets of self-recording extensometers and
10 sets of manual reading extensometers) in 2000
and monitored them in 2000-2001. The monitoring
results were reported in the UNESCO-IGCP Sym-
posium “Landslide risk mitigation and protection
of cultural and natural Heritage” held in January
2001 (Sassa et al. 2001). Some extensometer records
showed about 5-15 mm movement during one
month from 12 November to 17 December 2000. It
was during the rainy season. It does not mean
10 cm/year, though some participants mentioned
the possibility. Movements recorded in those
extensometers did not mean the movement of the
deep sheeted landslide in the citadel. The report was
firstly introduced by Yomiuri Newspaper in Japan,
then by “New Scientists” in UK, Civil Engineering
by ASCE in USA and others. Articles in Yomiuri
Newspaperand in Civil Engineering were published
after the interview and review of the articles and
correction of misunderstanding by Sassa. However,

The New Scientist article was written only based on
a telephone interview and was not reviewed by
Sassa. The article by the “New Scientists” caused a
sensation aournd the world. The number of visitors
to Machu Picchu decreased very much, and the
number of busses to the citadel was reduced. The
number of guests to the President Toledo inaugural
ceremony held in Machu Picchu citadel was also
reduced. Therefore, UNESCO thought there was a
necessity to inform a real state of investigation and
published “Rumbles at Machu Picchuarticle in
“World Heritage Review,” No. 20, May 2001
(Bandarin 2001) in consultation with Sassa.
Because of the large social influence, the monitoring
was stopped from the end of 2001 to 2005. Sassa was
requested to summarize in an article on Machu
Picchu published by the UNESCO Education Sec-
tor (Sassa 2005).

The Japanese team obtained permission to install
long-span extensometers, GPS and the Total Sta-
tion at Machu Picchu including Plaza area from the
Government of Peru in 2004. Then, we installed 4
sets of long-span extensometers, 3 sets of static GPS
receivers, and one total station with 3 prism mirror
targets in September, November of 2004 and in
March of 2005. Figure 13.13 is the plan map of the
location of each instrument of extensometers, GPS,
Total Station. Extensometer (04 E1) was installed
from the front of the Cafeteria of the Machu Picchu
Sanctuary hotel down slope. Top of Fig. 13.14
showed the upper pole of extensometer 04E1 (left)
and the lower pole of extensometer (right) and
close-up view of the top of the lower pole (left-
middle). The super invar wire (1.0 mm in diameter)
which has a metal of least temperature effect was
connected between two poles. In this case, the upper
pole fixed the super invar wire, the lower pole has a
pulley on the top. The super invar wire pass through
this pulley and goes down due to the weight. The
extension occurs between two poles, the weight goes
up, while the compression occurs between two
poles, the weight goes down. This movement is
recorded onto the recording paper by mechanically
enlarged 5-10 times (option) and also electronically
recorded in the extensometer installed in the protec-
tion box. GPS was also installed at the top of the
pole. The monitored record from 1 April 2005 to 1
October 2006 is presented in Fig. 13.14 (Bottom).
This location is inside the Landslide Block No.1.
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Fig. 13.13 Location of extensometers, GPS and Total Station

If the lower pole moves down while the upper pole is
stable, an extension is recorded. When the upper
pole moves downward while the lower pole is stable,
compression is recorded. The recorded movement
shows that extension of 11 mm occurred though a
slight compression appeared in December 2005 and
August 2006.

Extensometer 04E2 was installed crossing the
Plaza from a big rock below Intiwatana to a stone
wall of the Inca’s citadel as shown in Fig. 13.15.
Super-invar wire position of 04E2 is shown as a
red line in Fig. 13.15 (Top), although the actual

wire is very fine and not visible to tourists. The
monitoring record from April 2005 to October
2006 is shown in Fig. 13.15 (Bottom). Compression
appeared for the initial 4 months, thereafter almost
no motion was recorded. The compression was
interpreted as two possibilities: (1) the right end of
extensometer is located possibly on the embank-
ment (rock was not visible), and slope moved
toward the Plaza. In this case compression should
appear, (2) The span of extensometer is very long.
A slight curvature of super invar wire might have
occurred during installation. It could gradually be
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Fig. 13.14 Photo and the
monitored record of
extensomter (04E2) installed
in front of the Cafeteria of
Hotel. Super invar wire

(1.0 mm diameter) is not
visible, so the location is
drawn in dark-red

Extensometer (mm)
Compression <--> Exlension
.

oo Cafeteria
Extensometer,
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extended for a few initial months. Monitoring per-
iod is too short to conclude. However, probably the
possibility of (2) is high. If so, the distance between
two poles crossing the Plaza did not change, it was
stable for this one and half year period.
Extensometer 04E3 is located beneath the
citadel in Block 2 (Fig. 13.13). The upper end
of super invar wire was fixed to the outcropped
rock in the lower end of citadel, and the lower
pole was installed inside forests covering the

slope. The monitoring record shown in Fig. 13.16
shows accumulated extension up to 13 mm.
Namely the lower pole inside the forests was
moving continually downward. Monitoring period
for 1.5 years is short. Unfortunately we could not
monitor after 1 October 2006. However, from the
monitored records, the Block No.l is active, and
also the forest area below the citadel is active,
whereas the Plaza area is not active for this mon-
itored period.
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Fig. 13.15 Photo and the Intiwatana
monitored record of

extensomter (04E2) installed ¢
crossing the Plaza
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Fig. 13.16 Monitored record of extensometer (04E3)
installed in IntiMachay below the Plaza
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13.6.1 Comparison with Subprojects
of C101-1

The following Chaps. 14, 15, 16 and 17 present the
results of subprojects of C101-1, namely C101-1-1
(Chap. 14) , C101-1-2 (Chap. 15), C101-1-3 (Chap.
16), C101-1-5 (Chap. 17). The focus and the meth-
odology was different for each team. C101-1-1 sub-
project team by Canuti, Margottini et al. monitored
slope deformation by GPS, Interferometric Syn-
thetic Aperture Radar (InSAR), and Ground
based Radar monitoring. InSAR monitoring
detected 5 cm relative movement for one year
between the hotel and a point in the downward
slope of Citadel in Block 2 (location is shown in
Fig. 14.6 of Chap. 14, Canuti et al. 2008). But the
reliability of the monitoring is not sufficient for a
conclusion. GPS monitoring was for one year (not
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continual monitoring. Apparatus was brought for
each monitoring period to Machu Picchu) detected
1.0 and 1.2 mm movement in two points in the
downward slope of the citadel in Block No. 2
(location is shown in Fig. 14.7 of Chap. 14).
No movement was monitored within the citadel
area.

C101-1-2 Subprojects detected continual defor-
mation of open fissures by 4-5 mm for 3 years in
Temple at the citadel (Fig. 15.2 of Chap. 15, Vlimek
et al. 2008). They also measured the distance cross-
ing the Plaza using a portable extensometric type of
tool. Though around 10 mm relative displacement is
measured, it is not clear. C101-1-3 group conducted
a geophysical survey in Block 1 and Block 2. Several
ground water flow paths are defined and no subsur-
face failure planes were detected. The location of the
greatest ground water path corresponds to the bor-
der of Block No. 1 and Block No. 2 (red line in Fig.
13.8). This group presented the underground struc-
ture of the Plaza. This result gave supports to the
estimation that the flat surface of the central square
was possibly constructed by filling debris into
cracks as already mentioned. C101-1-5 group con-
centrated on investigating shallow landslides and
debris flows using satellite Image and Field obser-
vation. They presented many images of debris
flows, rock falls, and shallow landslides. The good
aerial view of Block No.1 was presented in Fig. 17.4
of Chap. 17 (Casagli et al 2008). Head and side
scarps of landslides and the Hiram Bingham road
within the landslide mass is well visualized.

13.7 Conclusion

(1) Block No.l1 (Hiram Bingham road area) is a
reactivated landslide which is in the marginal
state of stability. Usually this type of landslide
does not move rapidly. However, the 2004
Niigata-ken Chuetsu earthquake induced land-
slide gave lessons that a rapid landslide occurred
within reactivated landslide area (Sassa et al.
2005). The sliding surface was formed in the
sand layer whereas the reactivated slow land-
slide was sliding in a silt layer. Drilling data
from the ground of Block No. 1 are not

available. Therefore, it is difficult to evaluate
instability during an earthquake.

(2) Block No. 2 is possibly a precursor stage of a
landslide or potential landslide. The border of
Block 2 to Block No. 1 and to the Urubamba
River is unstable due to its steepness. Move-
ments were monitored in the forest area below
the citadel (shown in Fig. 13.16). Some move-
ments were detected by other monitoring meth-
ods by IPL C101-1-1 group in the forest area.

(3) The Citadel site was constructed on hard rock,
and no clear movement was monitored by all
teams for one or a few years. Because of this
stable condition, the citadel has stood at present
location since its construction over 500 years ago.

(4) Preparedness for disasters caused by earthquakes
in active faults which are activated on the order of
1000 years is currently an important societal issue
for many countries including Japan. The prepa-
redness for landslides in the long return period
would be necessary for very important asset for
the society and human. The lesson learned from
the Tang Dynasty Imperial Resort Palace in
Xian, China is that the detailed field investigation
and monitoring of landslides could provide a
convincing evidence to justify the investment of
very expensive remedial measures before the
initiation of landslide movement, namely in the
stage of precursor stage of landslides.

(5) Major causes of landslides in Machu Picchu are
(1) rainfall penetration into the ground during
the rainy season, (2) river erosion in the toe of
the slope, (3) existence of shear zones (faults)
parallel to slope within the rock mass where the
sliding surface can be formed and the steepness
of slopes as predisposed factors.

The existence of Block No. 1 gave objective
evidence of potential instability in this area
though drilling data are not available at present.
However, apparently this is not enough to con-
vince policy makers. It is a time that even “Stop
Global Warming” is now on the political stage
based on the extensive scientific research. If the
landslide risk will be confirmed by scientific study
spending considerable time and budgets, humans
may prepare to reduce landslide causes in the
area, namely to protect one of the Seven Wonders
of the World and transfer it to the next genera-
tion. If no landslide risk will be confirmed for
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Fig. 13.17 Photos at the ceremony exchanging the coopera-
tion agreement with Mayor Machu Picchu and the welcome
march by children in Machu Picchu in 16 August 2007

another 1000 years, we may leave it to our
descendent.

(6) The IPL project on Machu Picchu presented
considerable scientific information on this area
from various aspects. However, drilling data are
not available, no inclinometer and ground water
monitoring using drill hole is available either,
and no long-continual and wide-covered slope
deformation monitoring is available.

The World Heritage Committee of
UNESCO (2006) adopted the decision of
30COM 7B.35 - State of Conservation (Historic
Sanctuary of Machu Picchu) introduced the
International Workshop on Landslides orga-
nized in 2005 and stated as below.

7. Take note of the results of the Interna-
tional Workshop on Landslides at the
Historical Sanctuary of Machu Picchu, in
September 2005, which indicate reduced
risk of landslides at the citadel, and requests
that investigations continue and that train-
ing of local professionals be ensured in order

to undertake systematic monitoring of the
citadel as well as other vulnerable areas

(7) Fig. 13.17 shows the exchange ceremony
between the Municipality of Machu Picchu
and ICL for the cooperation of ICL-JICA Pro-
ject in 2007. Many children in the city wel-
comed our agreement by marching in front of
us. It will be the greatest pleasure if we can
contribute something to create a safer commu-
nity in this area.
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