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More than 200 million people are affected every year by natural hazards, and the impact
is deepening—especially in developing countries, where they can set back healthy
growth for years. Globally, an estimated one trillion United States dollars have been
lost in the last decade alone.

We may not be able to stop disasters, but we can reduce their risks and their
consequences. Mitigating the effects of natural hazards requires education, training,
and capacity building at all levels. Fundamentally, it calls for new thinking—to move
from reaction after disasters to action before.

Landslides are important in this regard, given the tragic loss of life and the economic
disruption they cause. More than ever, we need to address landslides in ways that are
integrated and coordinated internationally. This is the goal guiding the International
Consortium on Landslides and its International Programme on Landslides, focusing on
research, education, and capacity building in landslide risk reduction, working with
international, governmental, and non-governmental actors.

Associated with the International Consortium on Landslides, UNESCO has
accompanied the International Programme on Landslides from its inception, as an
innovative initiative for cooperative research and capacity building in landslide risk
mitigation. In the same spirit, UNESCO and Kyoto University established a University
Twinning and Networking Cooperation Programme on landslide risk mitigation for
society and the environment in March 2003, in order to deepen cooperation in this
vital area.

This publication is an essential tool for both organizations and individuals to deepen
understanding of landslide phenomena and to reduce their risks. Drawing on latest
scientific developments, this volume presents a range of initiatives under way across
the world and puts forward recommendations on risk mitigation. At a time when the
consequences of climate change are deepening, this work provides a benchmark refer-
ence to strengthen the resilience of societies under pressure. I wish to thank all
participants in the International Consortium on Landslides and all involved in this
important work. Let me highlight especially Professor Kyoji Sassa, Chairperson of the
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Consortium, for his tireless efforts. In this spirit, I look forward to further strengthening
UNESCO’s cooperation with the International Consortium on Landslides.

/ "
Ms. Irina Bokova
Director-General of UNESCO
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Landslide, floods, drought, wildfire, storms, tsunami, earthquakes, and other types of natural
hazards are increasingly affecting the world. For the first time in history the world has
experienced 3 consecutive years (2010-2012) where annual economic losses have exceeded
$100 billion due to an enormous increase in exposure of industrial assets and private property
to extreme disaster events. During the period of 2000-2012, 2.9 billion people were affected
by disasters, economic damage is equivalent of USD 1.7 trillion, and 1.2 million people were
killed by disasters."

The Global Assessment Report (GAR), a regular publication by the United Nations on
disaster risk levels, trends, and analysis of the underlying causes, found that most of the small-
scale recurrent disasters such as landslides are not effectively accounted for by authorities. The
same report also found that while landslides and other recurrent natural hazards are responsi-
ble for only a small proportion of global disaster mortality, they account for a very significant
proportion of damage to public assets, such as health and educational facilities and infrastruc-
ture, as well as to the livelihoods, houses, and assets of low-income groups.

Extensive risk associated with localized, mainly weather-related hazards with short return
periods. These highly localized yet frequent hazards include surface water and flash flooding,
landslides, fires, and both agricultural and hydrological drought. They are exacerbated by
badly managed urban development, environment degradation, and poverty.”

The Hyogo Framework for Action 2005-2015: Building the Resilience of Nations and
Communities to Disasters (HFA), adopted at the 2nd World Conference on Disaster Reduction
(WCDR, Kobe, Hyogo, Japan, in January 2005), represents the most comprehensive action-
oriented policy guidance in universal understanding of disasters induced by vulnerability to
natural hazards and reflects a solid commitment to implementation of an effective disaster
reduction agenda. In order to ensure effective implementation of HFA at all levels, tangible
and coordinated activities must be carried out. Since 2005, we have seen many activities and
initiatives developed to implement HFA in various areas. As a concrete activity in the area of
landslide risk reduction, the International Programme on Landslides has maintained the
momentum created in 2005 through organizing the two World Landslide Forums in 2008 in
Tokyo and in 2011 in Rome, being led by the International Consortium on Landslides. It is my
great pleasure to see the valuable development for the last 8 years.

There is a growing evidence of the need for a strong science basis to understand the causes
and impacts of landslides as well as the most effective measures to reduce landslide risk. This
book includes a number of substantive articles on landslide risk reduction. Applying science
into practice is one of the key words for the global endeavour. I expect this book as well as the
Third World Landslide Forum to make a substantive contribution for that purpose in the area

! Disasters refers to drought, earthquake (seismic activity), epidemic, extreme temperature, flood, insect infestation, mass movement (dry and wet),
storm, volcano, and wildfire/Data source: EM-DAT: The OFDA/CRED International Disaster Database/Data version: 12 March 2013 - v12.07.

2Global Assessment Report on Disaster Risk Reduction 2013: http://www.preventionweb.net/english/hyogo/gar/2013/en/home/GAR_2013/
GAR_2013_2.html
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of landslide risk reduction by the promotion of exchange of experience and achievements in
science and facilitating discussion on sustainable disaster risk management.

Recognizing that disaster reduction needs interdisciplinary and multi-sectoral action, we
build on partnerships and take a global approach to disaster reduction. Therefore, we welcome
better cooperation between government authorities and the international community including
scientific community that play a critical role in helping people make life-changing decisions
about where and how they live before the disaster strikes, in particular high-risk urban areas.

Once the ten-year mark has been passed in 2015, the world will have a new disaster risk
reduction framework. Consultations on elements for the post-2015 framework (“HFA2”) are
currently ongoing. Multi-stakeholders, including academic and scientific institutions, are
encouraged to be engaged in the ongoing consultation towards HFA?2, which is expected to
be adopted at the Third World Conference on Disaster Risk Reduction in March 2015 in
Sendai, Japan.

Scientist, international, and regional institutions have a responsibility to assist with the
tools, knowledge, and capacity to understand their risk and take the most effective measures to
reduce them. The knowledge on landslides is a key part of the equation and the work and
outcome of The Third World Landslide Forum in June 2014 in Beijing will be important
contribution to these efforts and ongoing consultation towards 2015. UNISDR is fully behind
the community of practice working on landslide risk.

Ms. Margareta Wahlstrom

Special Representative of the UN Secretary-
General for Disaster Risk Reduction, Chief
of UNISDR
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The Third World Landslide Forum (WLF3) was held at the China National Convention
Center, Beijing, China, on 2—6 June 2014. WLF is the triennial conference of the International
Consortium on Landslides (ICL) and the International Programme on Landslides (IPL).

ICL (The International Consortium on Landslides) launched at the Kyoto Symposium in
January 2002 is an international non-governmental and non-profit scientific organization
promoting landslide research and capacity building for the benefit of society and the environ-
ment. Major activities of the ICL are the publication of a bimonthly full-colour journal
“Landslides: Journal of the International Consortium on Landslides”, the International
Programme on Landslides including IPL Projects in many countries/regions, and the Triennial
World Landslide Forum and promotion of ICL regional and thematic networks and the World
Centres of Excellence on Landslide Risk Reduction (WCoE). All activities involve coopera-
tion by ICL-supporting organizations and other various stakeholders (national and local
governments, civil society, and private sectors) contributing to landslide risk reduction.

The IPL is a programme of the ICL. It is developed in partnership with ICL-supporting
organizations. The programme is managed by the IPL Global Promotion Committee including
ICL and ICL-supporting organizations: the United Nations Educational, Scientific and Cul-
tural Organization (UNESCO), the World Meteorological Organization (WMO), the Food and
Agriculture Organization of the United Nations (FAO), the United Nations International
Strategy for Disaster Risk Reduction (UNISDR), the United Nations University (UNU), the
International Council for Science (ICSU), the World Federation of Engineering Organizations
(WFEO), and the International Union of Geological Sciences (IUGS). The IPL contributes to
the United Nations International Strategy for Disaster Reduction.

ICL-IPL invites relevant organizations and programmers to promote Landslide Science for
a Safer Geoenvironment.

The International Consortium on Landslides (ICL)

o ICL was established by adopting its statutes in January 2002. The headquarters was
registered as a legal body under the Japanese law for non-profit-making organizations
(NPO) in the Kyoto Prefectural Government, Japan, in August 2002.

e ICL established the UNITWIN (University Twinning and Networking) Cooperation
Programme on Landslide Risk Mitigation for Society and the Environment with UNESCO
and Kyoto University in March 2003. The UNITWIN Headquarters Building was
constructed by ICL and Kyoto University at the Kyoto University Uji Campus in Septem-
ber 2004. The programme was developed to promote landslide and water-related disaster
risk management for society and the environment in November 2010.

» ICL founded “Landslides”: Journal of the International Consortium on Landslides in 2004.
It was established as a quarterly journal published by Springer Verlag. It was approved as
an ISI journal in 2005 and moved to a bimonthly journal from Vol. 10 in 2013.

» ICL founded the International Programme on Landslides (IPL) in partnership with seven
global stakeholders by adopting the 2006 Tokyo Action Plan. It exchanged MoU to
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promote IPL with the United Nations Educational, Scientific and Cultural Organization
(UNESCO), the World Meteorological Organization (WMO), the Food and Agricultural
Organization of the United Nations (FAQO), the United Nations International Strategy for
Disaster Reduction (UNISDR), the United Nations University (UNU), the International
Council for Science (ICSU), and the World Federation of Engineering Organizations
(WFEO) in 2006.

« The IPL Global Promotion Committee (IPL-GPC) was established following the 2006
Tokyo Action Plan to manage IPL activities including IPL projects, the World Landslide
Forum (WLF) every 3 years, and the World Centres of Excellence for Landslide Risk
Reduction (WCoEs) to be identified at WLFs.

» ICL headquarters in Kyoto, Japan, was approved as a scientific research organization (No.
94307) which can receive scientific grants from the Ministry of Education, Culture, Sports,
Science and Technology (MEXT), Japan, in March 2007 and registered in the cross-
ministerial research and development management system of all ministries of Japan in
May 2008.

» ICL was approved as an NGO having operational relations with UNESCO in April 2007. It
was reclassified as an NGO with consultative partnership with UNESCO in March 2012.

» ICL-IPL organized the First World Landslide Forum (WLF1) at the United Nations
University, Tokyo, in November 2008.

» ICL-IPL organized the Second World Landslide Forum (WLF2) at the Food and Agricul-
ture Organization of the United Nations, Rome, in October 2011.

» ICL-IPL is organizing the Third World Landslide Forum (WLF3) at the China National
Convention Center, Beijing, in June 2014.

+ ICL-IPL will organize the Fourth World Landslide Forum (WLF4) in Ljubljana, Slovenia,
in May 29-June 2, 2017.

The symbol of ICL was designed as below.

I is a symbol of cultural heritage at landslide risk

C symbolizes the moving landslide mass

Lis a symbol of retaining wall to stop landslides for its risk
reduction.

The greatest discussion on C whether the Consortium should

stand still or might be inclined during dynamic motion.

The International Programme on Landslides (IPL)

+ The United Nations World Conference on Disaster Reduction was held on 18-22 January
2005 in Kobe, Japan. At this conference, the ICL proposed the organization of a thematic
session to develop the IPL within the WCDR, and it was approved by the United Nations
Secretariat for the International Strategy for Disaster Risk Reduction. With financial
support from the Cabinet Office of Japan, the Ministry of Education, Culture, Sports,
Science and Technology of the Government of Japan (MEXT), and the Disaster Prevention
Research Institute of Kyoto University, the thematic conference Session 3.8 “New Interna-
tional Initiatives for Research and Risk Mitigation of Floods (IFI) and Landslides (IPL)”
was organized together with ICL-supporting organizations and also the flood group.

+ The thematic session 3.8 was opened with the addresses by Koichiro Matsuura (Director-
General of UNESCO), Michel Jarraud (Secretary-General of WMO), and others. The
session was chaired by Hans van Ginkel (Rector of UNU). The ICL proposed a Letter of



Preface: Landslide Science for a Safer Geoenvironment Xi

Intent to promote further joint global activities in disaster reduction and risk prevention
through “Strengthening research and learning on ‘Earth system risk analysis and sustain-
able disaster management’ within the framework of the ‘United Nations International
Strategy for Disaster Reduction’ (ISDR)”. This Letter of Intent was agreed and signed by
heads of seven global stakeholders of UNESCO, WMO, FAO, UNISDR, UNU, ICSU, and
WEFEO.

» Based on this Letter of Intent, ICL, UNESCO, WMO, FAO, UNISDR, UNEP, UNU, and
Kyoto University jointly organized the Round Table Discussion (RTD) “Strengthening
research and learning on earth system risk analysis and sustainable disaster management
within UN-ISDR as regards landslides—towards a dynamic global network of International
Programme on Landslides (IPL)” on 18-20 January 2006 at Elizabeth Rose Hall of the
United Nations University, Tokyo, Japan. The RTD was cosponsored by Japanese and
international governmental and non-governmental organizations. The 2006 Tokyo Action
Plan was adopted as the result of RTD.

+ The 2006 Tokyo Action Plan decided to develop the International Programme on
Landslides (IPL) which is managed by IPL Global Promotion Committee. It is formed by
ICL member organizations, ICL-supporting organizations which have exchanged the
Memorandum of Understanding with ICL to promote ICL, and organizations which
provide Subvention to IPL.

e The ICL exchanged the Memoranda of Understanding with each of seven global
stakeholders: UNESCO, WMO, FAO, UNISDR, UNU, ICSU, and WFEO to promote the
2006 Tokyo Action Plan within 2006. Then, IPL was formally launched as a programme of
the ICL in partnership with ICL-supporting organizations aiming at organizing work in
response to the ICL goals.

» The logo of IPL in Fig. 1 is a simple design of ICL and ICL-supporting organizations which
have exchanged MOU with ICL to promote ICL-IPL.

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

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

WLF1 was organized at the United Nations University, Tokyo, in November 2008. It was a
global cross-cutting information and cooperation platform for all types of organizations from
academia, United Nations, governments, private sectors, and individuals that are contributing
to landslide research and education and who are willing to strengthen landslide and other
related earth system risk reduction.

+ Plenary sessions were (1) Open forum “Progress of IPL Activities”, (2) Plenary symposium
“Global Landslide Risk Reduction: A special Report and four keynote lectures, (3) Public
Forum on “Protection of Society and Cultural and Natural Heritage, (4) “Landslides for
Children”, (5) High-level panel discussion “Landslides in Global Change—How to miti-
gate risk? Toward the Second World Landslide Forum in 2011”.

 Parallel sessions were (1) A look from space, (2) Case Studies and National Experiences, (3)
Catastrophic slides and avalanches, (4) Climate change and slope instability, (5) Landslides
threatening heritage sites, (6) Economic and Social Impact of Landslides, (7) Education,
Capacity Building and Public Awareness for Disaster Reduction, (8) Environmental Impact
of Landslides, (9) Landslides in General, (10) Landslides and multi-hazards, (11) Mapping:
inventories, susceptibility, hazard and risk, (12) Monitoring, prediction and early warning,
(13) Policy and Institutional framework for Disaster Reduction, (14) Rainfall, debris flows,
and wildfires, (15) Landslide Disaster Mitigation Engineering Measures, (16) Watershed
and Forest Management for Risk Reduction, (17) Landslides in Dam Reservoirs.

* One full-colour book—Landslides-Disaster Risk Reduction—including all papers in ple-
nary sessions and introduction of all parallel sessions was published, two monocolour
proceedings for full papers were accepted for parallel sessions, and papers accepted for
poster papers were printed and also are uploaded in the ICL web in full colour.

* 430 people from 48 countries and several other international organizations participated
(175 from Japan, and 255 from abroad).

The Second World Landslide Forum: Putting Science into Practice

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

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

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

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

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

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

» 864 people from 63 countries and several international organizations participated. Atten-
dance was larger than expected, and twice the attendance at the First World Landslide
Forum 2008 in Tokyo.

» 25 Technical sessions were held, and 465 full papers were submitted. All accepted papers were
edited in seven full-colour volumes titled as “Landslide Science and Practice” as below.
Vol. 1 Landslide inventory and susceptibility and hazard zoning
Vol. 2 Early warning, instrumentation and monitoring
Vol. 3 Spatial analysis and modelling
Vol. 4 Global environmental change (420 pages)

Vol. 5 Complex environment (520 pages)
Vol. 6 Risk assessment, management and mitigation (430 pages)
Vol. 7 Social and Economic Impact and Policies (430 pages)
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The Third World Landslide Forum: Landslide Risk Mitigation
Toward a Safer Environment

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

Three full-colour volumes (Vol. 1-Vol. 3) will be published by Springer, titled as Landslide
Science for a Safer Geoenvironment. 303 papers will be published in three full color volumes.
One monocolour proceedings which contains 123 full papers and an abstract volume will be
published by the Chinese Organizing Committee. Volume 1 includes Plenary lectures, and
selected papers from the side events. Volume 2 includes papers accepted in sessions for methods
of landslide studies. Volume 3 includes papers accepted for methods of landslide studies. Front
matters include two Forewords from Ms. Irena Bokova, Director-General of UNESCO and Ms.
Margareta Wahlstrom, Special Representative of the UN Secretary General for Disaster Risk
Reduction, Chief of UNISDR, and Preface by Kyoji Sassa (Executive Director), Paolo Canuti
(President) and Yueping Yin (Incoming President) of ICL. Back matters include “Landslide
Technology and Engineering in Support of Landslide Science” and “ICL Structure”.

Plenary sessions are:
1. High-Level Panel Discussion toward a Safer Geoenvironment

2. Plenary Lectures “Progress in Landslide Science”
Runqgiu HUANG: Progress in Large-Scale Landslide Studies in China
Farrokh NADIM: Progress in Living with landslide risk in Europe
Rex BAUM: Progress in Regional landslide hazard assessment
Kyoji SASSA: Progress in Landslide Dynamics
3. Round Table Discussion “Major achievement in WLF3 and development toward WLF4”

Parallel sessions are:

Special Sessions

Al International Programme on Landslides, A2 Thematic and Regional Networks on
Landslides, A3 Policy, Legislation and Guidelines on Landslides, A4 Climate & Landuse
Change Impacts on Landslides, A5 Recognition and Mechanics of Landslide, A6 General
Landslide Studies

Sessions for Methods of Landslide Studies

B1 Physical Modeling and Material Testing, B2 Application of Numerical Modeling
Techniques to Landslides, B3 Remote Sensing Techniques for Landslide Mapping and
Monitoring, B4 Hazard Mapping, BS Monitoring, Prediction and Warning of Landslides,
B6 Risk Assessment, B7 Remedial Measures & Prevention Works, B8 Risk Reduction
Strategy, B9 Inventory and Database

Sessions for Targeted Landslides

C1 Debris Flows, C2 Rock-Slope Instability and Failure, C3 Earthquake-Induced Landslides,
C4 Rain-Induced Landslides, C5 Landslides in Cultural/Natural Heritage Sites, C6 Urban
Landslides, C7 Landslides in Cold Regions, C8 Landslide in Coastal and Submarine
Environments, C9 Natural Dams and Landslides in Reservoirs

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

Other ICL-IPL Activities

Other ICL-IPL activities include (1) IPL Projects, (2) ICL Regional and thematic networks,
(3) World Centre of Excellence on Landslide Risk Reduction, (4) ICL Landslide Teaching
Tools.
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Landslides: Journal of the International Consortium on Landslides

The ICL decided to create a new international journal on landslides “Landslides: Journal of the
International Consortium on Landslides” at the First Board of Representatives of ICL held at
the UNESCO Headquarters, Paris on 19-21 November 2002. The ICL planned to publish full
color journal presenting full color photos and colored maps & figures to attract policy makers,
government officers and citizens as well as scientists and engineers in many fields.

The first issue of the journal Landslides was published from Springer Verlag in April 2004
as the core project of the International Programme on Landslides (IPL). This journal was the
first full-colour scientific journal without a full-colour printing fee. The field of landslides is
very wide in the related basic science fields. Common information source which all readers
may understand is a full-colour photo of landslides. Landslide researchers from geology,
geomorphology, geotechnology, geophysics, and landslide dynamics may obtain various
aspects of information from the colour photos. The journal “Landslides” aims to promote
landslide research and investigation in the developing countries as well as in developed
countries. Published papers of most international journals are shared by researchers in the
developed countries. Landslides have made the following five categories to promote contri-
bution from developing countries and young researchers.

Within these categories, “Original articles” will deal with the frontiers of landslide science
and technology. “Recent landslides” will accept recent landside reports from developing
countries where many landslide disasters will occur and “Technical note” will accept case
studies of landslides in the less reported countries. “ICL-IPL activities” will report for
international information dissemination and cooperation. As a central tool of the global
landslide community, the journal is planned to provide different functions.

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

2. Review paper (6—12 pages): review of current research and development of technology in a
thematic area of landslides.

3. Recent landslide (less than 6 pages): reports of recent landslides including location (latitude/
longitude), plan, section, geology, volume, movement, mechanism, and associated disasters.

4. Technical note (less than 6 pages): research notes, review notes, case studies, progress of
technology, and best practice in monitoring, testing, investigation, and mitigation measures.

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

Valume 11 -Musber 2 Apell 2014

Landslides

‘Landslides

4 Sprin ger

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

Volumes 1-9 were 4 issues per year. The total pages in Vol. 9 were 569 pages containing
47 papers. Vol. 10 from 2013 was 6 issues per year. The total pages in Vol. 10 are 851 pages
containing 68 papers. Figure 2 presents the front and back cover of Vol.11, No.2, 2014. The
design of the cover is the same from the founding issue in 2004.

“Landslides” was identified as an SCI journal by Thomson Reuters in 2005. The impact
factor was 2.216 in the 2011 Journal Citation Report, and it was 2.093 in 2012 Journal Citation
Report. This journal is the core activity of ICL-IPL to share information on scientific and
technological development and to develop “Landslide Science” toward a Safer
Geoenvironment.

IPL Projects

IPL Projects are proposed by one or more ICL members or by IPL-Global Promotion
Committee (IPL-GPC) by submitting the IPL project proposal form by 30 March every
year. Proposal form will be evaluated by IPL Evaluation Committee. The proposer or a
member of the project is requested to orally explain the project in the IPL-GPC which will
be organized together with the Board of Representatives (BOR) of ICL each year. IPL-GPC
will decide the approval of proposed project based on the evaluation committee report, oral
presentation, and discussion. Each IPL Project leader with ongoing status is requested to
submit an annual report of the project by 30 March each year.

The IPL project may authorize the leader and the accepted project by the IPL Global
Promotion Committee. The project, leaders, and the annual report are uploaded in IPL WEB
http://www.iplhq.org/. The progress and the research results are invited to contribute to
Landslides: Journal of the International Consortium on Landslides. The achievements of IPL
Projects are evaluated every 3 years. Three successful IPL projects will be identified at the World
Landslide Forum. The leaders will receive US$3,000 per project together with a certificate.

ICL Regional and Thematic Networks

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

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

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

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

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

ICL member organizations in each region and each thematic field.

Current networks are:

ICL Regional Networks

(1) Adriatic-Balkan Network, (2) Latin America Network, (3) North-East Asia Network, (4)
South-East Asian Network for Landslide Risk Management

ICL Thematic Networks

(1) Landslides Risk Management Network, (2) Capacity Development Network, (3)
Landslides in Cold Regions Network, (4) Landslides and Cultural & Natural Heritage
Network, (5) Landslide Monitoring and Warning Network

World Centre of Excellence on Landslide Risk Reduction
The Global Promotion Committee (GPC) of the International Programme on Landslides (IPL)

will identify World Centres of Excellence on Landslide Risk Reduction at the World Land-
slide Forum organized every 3 years within eligible organizations, such as universities,


http://www.iplhq.org/_IPL/documents/IPL%20Project%20Proposal%20Form%202012.doc
http://www.iplhq.org/
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institutes, NGOs, government ministries, and local governments, contributing to “Risk Reduc-
tion for Landslides and Related Earth System Disasters”. An independent Panel of Experts, set
up by the Global Promotion Committee of International Programme on Landslides (IPL-
GPC), endorses the WCoEs.

Objectives of WCoE:

To strengthen the International Programme on Landslides (IPL) and IPL Global Promotion
Committee

To create “A Global Network of entities contributing to landslide risk reduction”; and

To improve the global recognition of “Landslide Risk Reduction” and its social-economic
relevance, and entities contributing to this field

Twelve World Centres of Excellence (WCoEs) 2008-2011 were identified at the First
World Landslide Forum in November 2008 at UNU in Tokyo, Japan. Fifteen WCoEs for
2011-2014 were identified at the Second World Landslide Forum in October 2011 at FAO,
Rome, Italy. New WCoEs for 2014-2017 will be identified and announced at WLF3. WCoEs
are cores of ICL regional and thematic networks.

ICL Landslide Teaching Tools

ICL Landslide Teaching Tools aim to provide various teaching materials to ICL members and
other landslide institutions and entities for their efforts to educate university students, local
government officers, people in non-governmental organizations, and local communities. Tools
include text including figures and full-colour photos, PDFs of published papers, guidelines and
laws, and PPTs for lectures.

Copyright and Responsibility for Each Teaching Tool
ICL called for contributions and compiled the accepted teaching tools. Copyright and respon-
sibility for the content of each tool lie with its contributing organization. Each tool may be
updated by the contributing organization.
The Teaching Toolbox contains five parts:
. Mapping and Site Prediction
. Monitoring and Early warning
. Testing and Numerical Simulation
. Risk Management and Others
. Country Practices and Case Studies
The Teaching Toolbox contains three types of tools:
. The first type are TXT-tools consisting of original texts with figures.
2. The second type are PDF-tools consisting of already published reference papers, manuals,
guidelines, laws, codes, and others. They are on the accompanying CD as pdf files.
3. The third type are PPT-tools consisting of Powerpoint® files made for lectures. They are on
the accompanying CD as ppt files.
ICL invites landslide research organizations and their experts to jointly develop effective
and practical Landslide Teaching Tools. The copyright and the updating responsibility belong
to the contributing organization.

W AW =

—_—

A Call for ICL-IPL Partners

The International Consortium on Landslides (ICL) and partners of the International
Programme on Landslides (IPL), including the United Nations Educational, Scientific and
Cultural Organization (UNESCO), the World Meteorological Organization (WMO), the Food
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and Agricultural Organization of the United Nations (FAO), the United Nations Office for
Disaster Risk Reduction (UNISDR), the United Nations University (UNU), the International
Council for Science (ICSU), the World Federation of Engineering Organizations (WFEO),
and the International Union of Geological Sciences (IUGS), invite related international
programmes and initiatives from natural sciences (earth sciences and water sciences), engi-
neering sciences, human and social sciences, and governmental and non-governmental
programmes to promote science and technology and their applications for landslide risk
mitigation and to support this initiative by joining the International Networking and
Partnerships aimed at enhancing capacities, in particular in the developing world, to reduce
risk and vulnerabilities and build resilience related with landslides, and contribute to a safer
Geoenvironment in support of UNISDR.

The “Third World Conference on Disaster Risk Reduction of the United Nations (3rd
WCDRR)” will be organized in Sendai, Japan, on 14-18 March 2015, succeeding the 2nd
WCDR (Kobe, 18-22 January 2005). ICL-IPL is examining an activity for 3rd WCDRR to
enhance partnerships and agree with relevant organizations and programmes on ICL-IPL
SENDAI PARTNERSHIPS 2015-2024 for Landslide Disaster Risk Reduction for a Safer

Geoenvironment.
Kyoji Sassa Paolo Canuti Yueping Yin
Executive Director of ICL President of ICL Incoming President of ICL

o Conwhc T Feorx

ICL-IPL Secretariat

ICL office: The International Consortium on Landslides

138-1 Tanaka Asukai-cho, Sakyo-ku, Kyoto 606-8226, Japan
IPL office: UNESCO-KU-ICL UNITWIN Headquarters

Kyoto University Uji Campus, Uji Kyoto 611-0011, Japan
Email: secretariat@iclhq.org
URL.: http://icl-iplhq.org/ and http://www.iplhq.org/
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Introduction: Physical Modeling and Material

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

Abstract

Physical modeling and material testing play important roles for investigation, analysis,
design and countermeasure planning of landslides. This introductory article briefly
describes the nature of the diversified range of papers included in Section B1, Volume
2 of the Proceedings of the World Landslide Forum 3.

Keywords

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

Significant advancements have been made in recent years in
the area of physical modeling and material testing pertinent
to investigation, analysis, design, and prevention of
landslides. Results of research and studies related to the
advancement of methodologies and standards for physical
modeling and material testing are available in recent litera-
ture including journal articles, conference proceedings, and
research reports. The objective of session Bl: Physical
modeling and material testing in the World Landslide
Forum 3 (WLF3) was to provide opportunities to interna-
tional researchers to publish and present their recent research
findings in an international venue where thousands of
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professionals who are working towards landslide hazard
mitigation through different approaches, meet and discuss.

Section B1 of volume 2 of this proceeding includes the
research findings pertinent to a wide theme—physical
modeling and material testing. High quality papers were
submitted to the conference secretariat for possible publica-
tion in the proeedings of the WLF3. Those papers went
through a rigorous review process. Each paper was reviewed
by at least two reviewers. Among the papers submitted for
possible publication, 35 papers were accepted for publica-
tion in this section of the proceeding. After peer reviewing,
all of these papers were further edited by the editorial board
of the conference for technical contents and English lan-
guage usage.

Papers included in this section cover a wide area of
physical modeling and material testing pertinent to landslide
hazard mitigation. Nine papers include the results of physi-
cal modeling for sand (1 paper), clay (2 papers) and rock
materials (6 papers). Five papers included in this section
cover the results regarding permeability and seepage behav-
ior of geo-materials. One paper includes the findings
pertaining to the geotechnical properties of clay. Likewise,
five papers included in this section deal with the causes and
stability of shallow landslides in general, whereas other five
papers describe the behavior of slopes on loess soil. Out of
35 accepted papers, 4 papers cover mechanism of large scale
landslides, whereas one paper each covers the mechanism of
earthquake induced landslides and debris flows. Moreover,

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 3
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this section also includes papers, one each, on risk mapping
and behavior of unsaturated soils.

Thirty five papers included in this section were co-authored
by 127 researchers all over the world including Asia, North

America, and Europe. Among the included papers, 21, 4, 4, 2,
2, 1, and 1 papers were submitted from China, USA,
Sri Lanka, Japan, Korea, Germany, and Thailand, respec-
tively, through the lead authors of the papers.



Laser Scanner Application in Monitoring Short-Term
Slope Deformation

Kiminori Araiba and Naoki Sakai

Abstract

In order to develop a method to estimate the risk of secondary disaster during rescue
activities at a site suffering from slope failure, a method for using repeated surveying by
means of laser scanner installed on the ground is proposed. Eight experiments of slope
failure including one carried in a natural slope were done. To improve the accuracy in the
deformation, spatial stacking of data was adopted. Availability and reliability of the
method, characteristics of deformation measured are discussed.

Keywords

Laser scanner « Precursor « Delayed collapse

Introduction

Assessing and controlling the risk of a secondary disaster
during a search and rescue (S&R) operation at a disaster site
are difficult because both the quantity and quality of infor-
mation regarding the disaster are usually inadequate due
to the limited time and space available for investigation.
As an example, 60 fire-fighting volunteers were killed during
an S&R activity because of a secondary failure of a slope
that occurred approximately 4 h after the initial slope failure,
which had buried 1 person in Shigeto, Kochi prefecture,
Japan, in 1972 (Nakagawa and Okunishi 1977). Figure 1 is
a picture of a landslide caused by an earthquake in
Fukushima Prefecture on 11 April, 2011. Fire fighters
conducted S&R activity in the deposit. They recognized
that the slope was still moving. The activity was finished
on the next day, recovering a body.
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Extensometers are frequently used to monitor movement
in the slope failure site. Saito and Uezawa (1961) first
discussed the prediction of failure using extensometer data;
related studies have been carried out (e.g., Varnes 1982;
Fukuzono 1985; Hayashi and Yamamori 1991). An exten-
someter is easy to set up, and it provides one-dimensional
data; therefore, it is easy to handle. On the other hand, it has
the following drawbacks:

1. It measures the variation in the distance between two
posts. One post must be located on the stable ground
and the other on the potential failure mass. However, it
is difficult to recognize the failure part and stable part
before failure actually occurs, especially in cases where
numerous cracks exist on the slope.

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

3. The direction of movement of the sliding mass is not always
parallel to the direction of the extensometer’s sensitivity.
By means of repeated surveying, it is possible to monitor

the spatial distribution of the deformation on a certain extent

of the slope; therefore, shortcomings 1 and 3 of the
extensometers can be overcome. With regard to shortcoming

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

photographic measurements, and fringe analyses require no

targets. These methods can reveal three-dimensional
deformations that can provide information for understanding
the mechanism of a potential failure. The application of such

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 5
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Fig. 1T A S&R activity was done in the deposit of a landslide where
mass of up-slope was still sliding during activity

a method to monitoring of a slope failure can allow the
monitoring to start quickly and safely, which are the desir-
able aspects of an emergency response.

In this study, availability and reliability of repeated
surveying using a laser scanner installed on the ground
for monitoring pre-failure deformation of slope was
investigated by means of model slope experiments and a
model slope failure experiment, and the characteristics of
measured surface deformation are discussed.

Method
Method for Deformation Measurement

The laser scanner measures distance to a part of a target that lies
within the angular width of the laser pulse beam divergence,
and it automatically scans the designated vertical and horizon-
tal angle widths by using designated angle intervals. The accu-
racy of the laser scanner is not as good as that of conventional
total stations; however, it can quickly measure wide areas. The
survey technique was applied to seven model tests to verify the
possibility of detecting pre-failure deformation.

Specifications of the laser scanner used in this study are
listed in Table 1. Result of accuracy check and method of
data process were described in Araiba (2006). Definition of
coordinate system is shown in Fig. 2.

Shape of slope was measured by each scan and represen-
tative Y value was calculated for 20 cm mesh by averaging
data in each mesh. Deformation of slope can be detected as
variations in the representative values.

Method of Experiments

Seven experiments (No. 1-7 in Table 2) involving model
slope failure induced by artificial rainfall were performed in

Table 1 Specifications of laser scanner used in this study

Precision in Resolution in Beam

distance angle divergence Scan rate

8 mm 0.009° 1.2 m rad. 1,000
points/s

scanner

Fig. 2 Definition of coordinate system

the large-scale rainfall simulator at the National Research
Institute for Earth Science and Disaster Prevention
(Fukuzono and Terashima 1985).

A model slope covered by a soil layer with a height of
5 m, width of 4 m, depth of 1 m and an inclination of 30° was
constructed using material listed in Table 2. Water was
sprayed from nozzles that were set at a 6-m-high ceiling. A
series of preparatory sprays were applied to the model slope
for about 10 days. Each preparatory spray application was
done for 8 h per day; its intensity was increased on a daily
basis from 15 to 45 mm/h. On the final day, the intensity was
increased to the value in Table 2, and water was sprayed
until the model slope eventually failed. Figure 3 shows
photographs of the model slope before and after the failure.

One experiment (No. 8 in Table 2) involving slope failure
induced by artificial rainfall was performed in a natural slope
mainly consists of decomposed granite soil. The detailed
conditions of this experiment were reported in Ochiai et al.
(2004). A section of the natural hill slope was isolated by
driving steel plates into the ground. The isolated segment
was 5 m wide, about 30 m long and had an average surface
gradient of about 33°. The topsoil comprised weathered
decomposed granite. The original vegetation was removed
and the ground surface was covered by straw mats in order to
prevent surface erosion and to improve the infiltration of
water into the ground.

Water was sprayed from nozzles attached to steel pipes at
a height of 2 m above the ground. The intensity of the spray
was 78 mm/h. The lower half of the segmented slope failed
approximately 6 h after the start of spraying. The maximum
depth of the failed mass was about 1.2 m. Figure 4 shows the
photographs of the slope before and after failure. The pair of
white arrows indicates the location of the head of the failure.
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Table 2 Experiment conditions

Water Scanner— Vertical
spray Slope slope Horizontal =~ Horizontal  scan Vertical Time for  No. of
intensity angle distance scan angle scan step angle scan step  one scan  data
No. Material (mm/h) (degree) (m) (degree) (degree) (degree) (degree) (min) (approx.)
1 River sand 100 30 12 21.6 0.108 18.0 0.054 4.0 35,000
2 River sand 50 30 10.5 20.6 0.200 17.0 0.1 1.5 13,500
3 River sand 50 30 16.5 26.2 0.153 17.0 0.099 2.4 14,000
4 River sand 50 30 10.5 23.0 0.297 20.2 0.126 14 6,400
5 River sand 50 30 10.5 19.4 0.243 16.2 0.081 1.2 12,000
6 Decomposed 50 30 8.8 24.4 0.216 21.2 0.054 1.8 21,000
granite soil
7 Decomposed 30 40 133 224 0.216 15.9 0.054 1.5 12,400
granite soil
8 Natural slope 78 33 40 7.0 0.054 27.0 0.054 1.5 20,000

Fig. 3 Model slope used in
experiments No. 1-7. (a) Before
failure; (b) after failure
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Fig. 4 Slope after the experiment No. 8

Result and Discussion
Characteristics of Deformation

Figure 5 shows the deformation of slope prior to failure
measured in experiment No. 4. Blue colour indicates pro-
gressive deformation and red colour indicates retrogressive
deformation. Distinct deformation can be observed about
880 s before the failure and the amount of deformation
became larger with time.

Figure 6 shows changes in the cross section of model
slope with time in experiment No. 2 where the amount of
deformation is magnified by 20 times. The amount of retro-
gressive deformation in the upper region of slope has posi-
tive correlation with height and, on the other hand, that of
progressive deformation in the lower part does not show
correlation with position.

Figure 7 is a picture of slope about 1 min before failure,
captured from video in experiment No. 4. Two clear lines

(compression cracks) can be seen in the lower part of slope
and one tension crack can be seen on the top of the slope.

Retrogressive deformation was observed in the region
below the tension crack and its amount has a positive corre-
lation with height, which indicates that the deformation
accompanied rotation. On the other hand, progressive defor-
mation does not show such tendency. Slope seems to have
dislocated at the compression cracks with slight changes in
the angle of slope surface.

Reliability of Measurement

Figure 8 shows time series of specific meshes where large
deformation was observed. Remarkable deformation was
observed in all of tests. We can conclude that deformation
prior to failure can be detected with high possibility in slopes
that consists of the sandy material.

Retrogressive deformation shows acceleration with time;
on the other hand, slight acceleration can be seen in progres-
sive deformation.

Figure 9 shows result of test No. 8, which is done with
natural slope. Although the surface of slope was covered by
straw mats, which must have disturbed measurement, the
deformation prior to the failure can be detected about 20 m
away from slope. The amount of deformation is large and
acceleration can be observed in Fig. 9.

The reason that acceleration can be observed in some
cases and cannot in the other cases is considered due to the
noise in the measurement and resolution. In order to improve
the accuracy in the deformation, all laser spots within 10 cm
mesh are averaged in this method, thus spatial resolution is
compromised.

The dislocation at the compression is spatially sharp as
shown in Fig. 7 and 10 cm mesh is larger than the area of
dislocation, thus deformation values at meshes involving
compression cracks must be smaller than values of disloca-
tion. Furthermore, laser beam have a certain divergence
therefore shape of laser-spot at the slope is in the shape of
an ellipse. To measure more accurate value of dislocation, it
is necessary to make the size of mesh smaller and area of
laser-spot smaller. Further research in optimizing resolution
of measurement, robustness of measurement, scan rate and
scan position is necessary.

Conclusions

In order to develop a method to estimate the risk of
secondary disaster during rescue activities at a site
suffering from slope failure, a method for using repeated
surveying by means of laser scanner installed on the
ground is proposed.
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Fig. 5 Deformation measured in the experiment No. 4 projected to the X-Z plane



Fig. 6 Change in the cross section of slope with time. The amount of
deformation is multiplied by 20
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Fig. 7 Picture of model slope about 1 min before failure in experiment
No. 4

Eight slope failure experiments including one carried
out in a natural slope were performed. To improve the
accuracy in the deformation, spatial stacking of data was
adopted. Availability and reliability of the method was
verified.

Progressive deformation in the upper part of slope and
retrogressive one in the lower part were detected. Accel-
eration of deformation was observed clearly in retrogres-
sive deformation and was not clear in progressive one.
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One possible reason for this difference is considered to be
the spatial extent of progressive deformation is limited in
a small region. To make more accurate measurements for
such spatially sharp deformation, it is necessary to opti-
mize resolution of measurement, robustness of measure-
ment, scan rate and scan position.
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Experimental Research of Risk Parameters in the
Process of Bedding Rock Landslide Motion

Bo Chai, Huanying Pan, and Xiang Li

Abstract

Bedding rock landslide is a common slope failure. The intensity of landslide is closely related
to rock structure and terrain. It is important to assess landslide risk based on the geological
structure. Firstly, the geological structure model of landside was set up based on the affecting
factors pertinent to the analysis of landslide motion. Then, a physical experimental set up was
built to measure the kinematics parameters of bedding rock landslide with different geological
structures. Lastly, intensity parameters of bedding rock landslides were proposed by applying
test data based on risk theories. It indicates that: (1) bedding rock landslide can be divided into
three structures, i.e. similar granular, layer and blocky structure. Layer structure could be
divided into three subcategory considering terrain, rock structure and slip surface; (2) Three
dynamic parameters of final velocity on active-slide segment(v,), accumulation range (L1) and
impact strength (¢@l) are sorted as follows: layer rock () > blocky rock (y) > similar
granular rock (¢); (3) The blocky rock (y) has the largest of accumulation range L1, but the
multilayer rock () has the largest of impact strength 1. (4) The intensities within sliding
mass are sorted as follows: blocky rock (y and §) > multilayer rock (a and f) > granular
landslide (¢) > single layer rock (I). Intensities in the beginning of landslide deposit area are
(o, p and &) >y >I>¢; Intensities on the top edge of deposit area are a>d>y>p>1.

Keywords
Bedding rock landslide « Movement process » Physical experiment « Risk

Introduction

physical experiment are often used to simulate the move-
ment of landslides. The main available numerical methods

Bedding rock slopes can easily form giant landslides which
have high potential to risk and are difficult to control through
present technology. Studying kinematics parameters of bed-
ding rock landslide is of great significance to guide risk
mitigation and management. Numerical modelling and
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China
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of landslides movement simulation are DDA, DEM, DAN
and the FEM (Stead et al. 2006; Crosta et al. 2009; Hungr
and McDougall 2009). Physical experiments can be used to
study the landslide motion process directly and obtain main
parameters of risk assessment such as impact, run-out dis-
tance and velocity (Chen et al. 2010; Wu et al. 2011).

The run-out distance and intensity of landslide movement
is highly influenced by the geological conditions, especially
rock structure and topography of landslide (Margielewski
2006; McSaveney and Davies 2009; Manzella and Labiouse
2009). In order to assess the risk of the bedding rock landslide
motion, a physical experiment based on common geological
models is conducted to get kinematic parameters of landslide
process. Moreover, semi-quantitative parameters of risk

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 13
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assessment are proposed, considering different rock structures
of landslides.

Risk Theory of Landslide Movement

The UNESCO defined the landslide risk as follow (Leroi
1996; Lee and Jones 2004).

Risk = Z(HZ(VA)) (1)

Where, H is the harzard of landslide; V is a number
between 0 and 1 that express the vulnerability of element in
the risk for a specific intensity landslide; A is the quantity or
economic value for elements. Among them, the hazard and
vulnerability analysis are two keys of the risk assessment.

The hazard H of landslide is a probability of landslide
appeared in certain period, which includes two probabilities
of space and time. On the process of landslide movement,
time probability is 1 and space probability can be calculated
by runout distance. The vulnerabilities of elements (life and
building) are related to landslide’s velocity, disintegration
and impact. Thus, the landslide risk is expressed by the
following equation.

Risk =) Py(x,y)) _(fy(v.E,D)A) (2)

Where P, is probability of sliding mass to reach the posi-
tion (x,y); fy is the vulnerability of element, which is a function
of velocity v, impact energy E and disintegration mode D.

Space Probability P,

The process of landslide motion can be divided into three
zones, sliding mass (S0), main sliding zone (S/), accumula-
tion zone (S2). The space probability is the function as follow:

(x,¥) C (So or 1)

(x,7) C S 3)

PH:{;(L,W)

Where P is the probability of runout length L and width W
in accumulation zone. If the position (x,y) is located in the
area of (L,W), the probability is 1 or else is 0.

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

2
2% Lcos
R R
2(R—1)* I
I
1.0 ->1.0
R>

Where [ is landslide intensity, R is resistance of element
to landslide. V is a value between 0 and 1.0.

The resistance to landslide is related to its own attribute,
such as building structure, basic types, human’s health, etc.
Landslide intensity [ is closely related to the sliding process.
The intensity within sliding mass is mainly affected by slide
acceleration a and disintegration mode D. While, the inten-
sity outslide sliding mass (in the path of sliding) is related to
sliding mass thickness th, velocity v and impact E. The total
intensity / can be expressed by this equation.

I:{l_(l_lﬂ)(l_ID) (x7y)CSO
1— (1 —=1)(1=L)(1=1g) (x,y) C(S;0rS$,)

(5)

Where 1, Ip, 1, I, and I are intensities of acceleration,
disintegration mode, thickness, velocity and impact. They
are related to the geological structure of bedding rock land-
slide. A phyiscal experiment is employed to analyse these
intensities parameters.

Physical Experiment
Geological Model of Rock Landslide

Geological model of landslides contains geological mechan-
ics model and geological structure model. In this study, the
physical experiment compliers with similar structural
model, but without considering the influence of groundwater
and other environments.

Geological model of bedding rock landslide is proposed by
considering three main factors, i.e. (1) slope dip and free face
of sliding, (2) rock structure of sliding mass, and (3) slip
surface (Cheng and Wang 2011; Qiao 2002). Common geo-
logical models of bedding rock landslide are shown in Table 1.

Experimental Design

The physical experiment considers the geological structure
similarity and physical parameters of sliding mass. The model
consisted of 2.4 m x 1.8 m tilting plane with an inclination
(o) between 10° and 45°, which could be regarded as the
slope of landslide. A fixed horizontal plane (3.0 m x 2.4 cm)
serve as the accumulation area of landslide (Fig. 1).

The tested material of sliding mass was made from
cement, sand, gravel and water, with a density of
2.10 g/cm’. Sliding masses were put into a box with the
size of 20 cm x 35 cm X 15 cm. Sliding masses consisted
of blocks with three sizes (19 cm x 32.5cm x 3cm; 6.5cm
x 11.2 cm x 3 cm; 4.5 cm X 2.5 cm X 3 cm)to simulate
the rock structures of thick layer (platy), large block and
small block, respectively. Seven types of sliding mass
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Table 1 Geological model of common bedding rock landslide

Geological Model Slip surface
Similar granular Bottom of
landside weathered rock
Layer Gently Weak
rock dip interlayer,
landslide bedding layer
Medium  and joint
dip
Steep
dip
Blocky rock landslide ~ Combined by
bedding and
joints

ad just ang]sﬁi

Slope inclination and rock structure

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

Slope dip is 20°—40° and bedding dip is 15°-25°; Thick layer
(platy) structure of hard rock with soft underlay or layer rock
with soft and hard alternating sequence

Slope dip is 30°—40° and bedding dip is 25°-35°; Platy,
layered or block structure of rock; Slip surface is weak
interlayers

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

Slope dip is >30°; Blocky and thick layer structure of hard
rock; Slip surface is the bedding layer

L
L1 1 1 1 |
~J Ny ~

inclination pldne

/
/

ula;i}ﬁ/ graph paper
3 B/

Deformation and motion

Slope failure begins at the bottom
and develops to top of slope with
slow velocity

Translation slide often occurred
along the weak interlayer with
slow velocity

Various failure modes with fast
velocity

Slide with fast velocity

Block slide with fast velocity

SA TATATATATN

xfi\(£>f\\f\{n\\ﬁ\\ﬁ\ﬁm

ammer
4 1
accumulation
K
B i l?m )
b
R R I hammer 0o
i = | (| )
"] |I &
b
| 5
e
B !
camera

graph paper

Fig. 1 Design of experimental device
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Table 2 Slide body structure and character

No.  Slide body structure  Sketch map
I Single layer == —
1T Multilayer
I Multilayer rock with
weak interlayer
IV Blocky VA7V,
A A A
N A A
v Blocky with A7 AT AT
discontinuous joints 1A LA
A A

VI Granular rock
zone

structures were tested in the experiment (see Table 2). The
smooth slip surface was simulated by the contact surface of
the sliding mass and transparent resin plate upon the planes.
The slip surface along weak interlayer was simulated by the
contact of sands and transparent plate.

Three small hammers hanged over the horizontal plane
were employed to measure landslide impact in different
positions through their swing angles. The slide distance (d)
was fixed on 1.7 m along the tilting plane. The movements of
sliding mass were captured by two cameras. Otherwise,
deposition features on horizontal plane were measured by
tape, including run-out distance, width and distribution of
blocks.

Data Collection Method

1. Initial velocity (vy) and final velocity(v,) along inclined
plane: The ‘Freevideo’ software made the movies (cam-
era at 33 fps) into pictures with time interval of 0.03 s.
The mass’s movement within 0.06 s was taken as a
uniformly accelerated linear motion. Velocities between
vo and v, were calculated by principle of dot timer.

2. The position parameters of deposition: The parameters for
whole deposition area, front edge (L/), back edge (L2),
length (L) and width (W); and for main deposition area,
front (/;), back edge (/»), length (/), width (w), maximum

Slide body characteristics

Joints and cleavages are small number, sliding mass is less thickness than 10 m
which is composed of intact platy or layer rock

Joints and cleavages are small number, sliding mass is 15 m to 30 m thickness and is
composed of thick layer rock, e. g. limestone or sandstone

Sliding mass is 15 m to 20 m thickness and is composed of intact platy or layer rock.
Moreover, the slip surface is a thick weak interlayer

Sliding mass is 15 m to 30 m thickness and is composed of blocky rock that is from
layer hard rock developing orthogonal joints

Sliding mass is blocky rock with discontinuous joints and rock bridge

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

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

3. Landslide impact: was measured with heavy hammer
swing angle.

Results

Experimental results are listed in Table 3. The initial velo-
cities were the velocity of the sliding mass getting away from
the box; the final velocities were the velocity at the toe of the
inclined plane. Landslide deposition was shown in Fig. 3, and
the distances were measured from the horizontal section.

Discussions

Landslide Movement of the Different Rock
Structures

1. For same dip slope and initial velocity, the final velocities
are ranked as follow: layer rock (II) > blocky rock (IV)
> granular rock (VI), and the slide range (L/) and impact
(¢1) have same rank as the final velocity (Fig. 2).

Layer rock slides along slope with little fracture,
energy dissipation mainly happen to slip surface for
dynamic friction. Blocky rocks move along slope with
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Table 3 Experimental date table
Slope dip Sliding mass Ly L w L / th b1/do/
No. (°) structure Vo (m/s) v, (m/s) (cm) (cm) (cm) (cm) (cm) w(cm) (cm) b (°)
1 26 I 1 24 59 59 49 40 30 / 3 10/0/0
2 26 I 22 2.7 81 87 27 46 31 / 3 32/0/0
3 26 I 3.7 4.3 64 71 77 50 31 43 3 21/0/0
4 26 1I 1.8 32 105 105 64 71 50 43 9 13/0/0
5 26 1I 22 3.7 110 110 72 83 55 49 9 20/0/0
6 26 1T 3.7 4 154 154 90 125 63 64 9 33/20/0
7 26 1 3.7 3.9 85 85 55 60 60 55 6.5 33/18/0
8 26 v 1.8 3 100 79 67 83 58 37 9 40/10/0
9 26 v 22 3.8 117 91 55 104 78 43 9 32/0/0
10 26 v 3.7 4.1 104 80 55 89 65 29 6 30/10/0
11 26 VI 22 2.1 63 69 62 63 69 62 3 29/8/0
12 32 I 1.8 3 113 113 51 86 23 / 3 29/7/0
13 32 I 22 3.1 159 80 65 156 48 / 3 26/10/0
14 32 1 3.7 3.9 166 166 68 146 57 / 3 15/12/0
15 32 I 1.8 3.8 137 137 52 77 49 / 9 48/12/0
16 32 1T 22 4 156 156 132 119 89 / 9 18/8/0
17 32 1I 3.7 4.2 158 158 98 112 59 / 6 37/30/0
18 32 111 22 33 97 103 59 63 43 / 3.2 26/16/0
19 32 111 3.7 4.1 149 149 67 149 122 / 3.5 37/12/7
20 32 v 1.8 32 100 61 54 86 47 42 6 17/9/5
21 32 v 3.7 4 141 118 71 95 72 59 6 31/11/3
22 32 VI 1.8 1.8 80 85 59 68 68 2.4 9/0/0
23 32 VI 22 2.3 104 115 72 / / / / 7/0/0
24 40 1T 1.8 3.5 115 105 27 110 31 / 7 55/40/11
25 40 1T 22 3.8 136 136 54 79 45 54 / 60/38/0
26 40 v 1.8 2.8 198 188 177 99 81 83 4.6 32/25/0
27 40 v 22 32 265 247 156 96 78 94 5.6 38/16/0
28 40 \Y% 1.7 3.8 141 146 64 117 95 48 5 40/25/0
29 40 \Y% 22 4 175 207 45 143 96 45 6 43/21/5
Fig. 2 Comparison of movement -]l - B
pa?ameter inpdifferent structure - Slope incIination_ is 32° - ey ue
sliding body model 1 | ¢ —i : & Py ‘ - 4
BN R N z a1,
[ o i i i | =] ~
3 o 0 o £1,.¢
| 3 1B 10 pon = qa0
v N B r '
| ! : : : 60 J o0
1 I il IV Vi
v, IlRV,:1.8m/s B ,:2.2m/s[JV,:3.7m/s
L1 mV, :1.8m/s &V, ,:2.2m/s Ve 3.7m/s
1 e V,.1.8m/s &V, 2. 2m/s V,:3.7m/s
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Fig. 3 Relationship of Velocity (V)—Slip distance (D) of active slide

sliding and dispersing, and energy dissipates by slip sur-
face friction and blocks collision. Granular landslide
disperses continuously when it slid along slope, so the
energy dissipation is mainly from slip surface friction and
mass inside which would increase with extending area.
Manzella and Labiouse (2009) proposed that friction and
rock collision result in energy loss during landslide move-
ment. High-speed landslide must have a whole sliding.
Speed of landslide would slow down when sliding mass
were breaking up.

2. For layer rock, final velocity are sorted as follows: multi-
layer rock (II)>multilayer rock with weak interlayer (III)
>single layer rock (I). In general, acceleration and final
velocity of landslide is greater with increasing number of
layers and layer’s thickness. In this experiment, the weak
interlayer extends in sliding process and increases fric-
tional energy dissipation, which cause its velocity to be
slower than the multilayer rock. Otherwise, the landslide
of I and II break partly, so their areas of accumulation are
greater than III.

3. Compared with Multilayer (II), blocky (IV) and blocky
rock with discontinuous joints (V), they have an obvious
acceleration in sliding process. Their final velocity of
along slope is V > II > IV. McSaveney and Davies
(2009) proposed that the elastic energy of slip mass almost
transform into kinetic energy, there is no crushing grain
contact surface energy consumption. Therefore, the rock
mass of & showed high velocity. In the steep slope, the
maximum accumulation area is y, but with the minimum
impact. The impact force of a is the largest, followed by
rock mass O.

4. According to the relationship between velocity and dis-
tance along inclined slope, the volatility variation of
blocky rock (V) is more obvious than layer rock (II and

II). Blocky rock is easy to collide and disintegrate, which
can change the instantaneous volatility of sliding (Fig. 3).

Risk Parameters in Bedding Rock Landslide
Motion

The intensities paramenters /; is proposed based on experi-
ment data. Because no real building and human is applied in
the experiment, the /; is given by a relative value as below

X

li = max(X;) ()
Where [; is the relative intensities of landslide with rock

structure j and the index 7; X;; is the kinematics parameters of

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

1. Acceleration index /,, in sliding mass Sy: Ratio of (v,—vy)/
vo is a value between 0 and 1.1 according to relationship
curve of velocity and distance(Fig. 3). The acceleration
index [, is positively correlated with the ratio. Figure 3
shows diffrent variation degrees with VII < II < IV.
Acceleration indices are determined by the ratio multipling
diffrent coefficients, 1.0, 1.1 and 1.2.

2. Disintegration index I in sliding mass Sy: It is suggested
by the equation, Ip = L x W/S, + 2x L x W/S,, where
Sy, is the area of the horizontal plane.

3. Thickness index /,;, in the zone of S2: It is the maximum
thickness th of accumulation.

4. Velocity index I, in the zone of S2: It is calculated assuming
the mass have a deceleration process with negative exponent.

5. Impact energy index I in the zone of S2: It is determined
by the maximum hammer swing angle.

We analysed the risk assessment parameters through
Egs. (3), (5) and (6). Risk parameters in bedding rock land-
slide motion are shown Table 4.

Among all bedding rock landslides, the intensities in
the slide body ranks as blocky rock (IVandV) > multilayer
rock (Iland IIT) > granular rock landslide (VI) > single rock
(D). But, the intensities in accumulation zone is different.
At the one time zones of the initial length Ls of sliding mass,
intensities are (ILIllandV) > IV > 1> VI. At the 2Ls
and 3Ls of accumulation zone, the intensities
showll >V > 1V > 1II > 1 > VL
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Conclusion

For bedding rock landslide, the geological structure is
very important to its’ motion and intensity. It is necessary
to consider topography, rock structure and slip surface in
common geological model for risk assessment.

By building the model, risk can be analyzed by
suggested parameters of intensity. Moreover, it is neces-
sary to get abundant risk samples to transform the relative
paramenters into absolute values in special region.
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Calculation of Permeability of Clay Mineral in Natural
Slope by Using Numerical Analysis

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

Abstract

A natural landslide is mainly occurred by rainfall, snowmelt, earthquakes and construction
works. Especially, the role of rainfall or snowmelt in slope stability is very important
because it causes a decrease in shear strength by reducing the soil cohesion. If clay exists in
the weathered soil, the physical characteristics such as viscosity and permeability are
generally different from the condition without the clay. In this case, changes of permeabil-
ity or viscosity due to the rainfall or snowmelt are dependent on the content of clay in soil.
In order to calculate the variation in permeability according to the content of clay in soil,
many researchers have conducted laboratory experiments or in-situ tests in the field.
However, it is difficult to determine the property of the clay such as a viscosity because
of its poor crystalline property. In order to solve this problem and to calculate permeability
of clay under various dry densities, we used molecular dynamic (MD) simulation to
examine the viscosity of micro scale and homogenization analysis (HA) method to expand
micro material property to macro scale. In this research, we determined the permeability of
clay with various dry densities due to the rainfall or snowmelt conditions by using MD/HA
method.

Keywords
Molecular dynamics « Homogenization analysis « Viscosity « Permeability « Clay

Molecular Structure of Kaolinite

Radioactive waste disposal facilities have been planned in
formations containing kaolinite, for example in the Opalinus
Clay of Switzerland, because of their low permeability and
resultant diffusion-dominant characteristics. For safely
isolating radioactive substances for a long time, it is essential
to fully understand the physical and chemical properties of
the host rock. For this purpose, authors here present a unified

J. Choi (I<) ¢ B.-g. Chae

Korea Institute of Geoscience and Mineral Resources, 124 Gwahang-
no, Yuseong-gu, Daejeon 305-350, South Korea

e-mail: jhchoi@kigam.re.kr

K. Kawamura ¢ Y. Ichikawa
Department of Urban Environmental Development, Okayama
University, Okayama, Japan

procedure of molecular dynamics (MD) simulation and
homogenization analysis (HA) for water-saturated kaolinite
clay. This MD/HA procedure was originally developed for
analyzing seepage, diffusion and consolidation phenomena
of bentonite clay. In the current research, a series of MD
calculations were performed for kaolinite and kaolinite-
water systems, appropriate to a saturated deep geological
setting. Then, by using HA, the seepage behavior is deter-
mined for conditions of the spatial distribution of the water
viscosity associated with some configuration of clay
minerals. The seepage behavior is calculated for different
void ratios and dry densities.

Kaolinite is a 1:1 clay mineral; composed of alternating
silica tetrahedral and aluminum octahedral sheets. To
achieve charge balance, the apical oxygens of the silica
tetrahedra are incorporated into the octahedral sheet. In the
plane of atoms common to both sheets, two-thirds of the

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 21
DOI 10.1007/978-3-319-05050-8_4, © Springer International Publishing Switzerland 2014
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Fig. 1 Diagrammatic sketch of the structure of kaolinite
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Fig. 2 Charge distribution in kaolinite

atoms are oxygens and are shared by both silicon and the
octahedral aluminum cations. The remaining atoms in this
plane comprise hydroxyl molecules (OH), located in such a
way that each sheet is directly below the base of a silica
tetrahedron. A diagrammatic sketch of the kaolinite structure
is shown in Fig. 1. The structural formula is Si4Al4010
(OH)g, and the charge distribution is indicated in Fig. 2.
Mineral particles of the kaolinite subgroup consist of these
basic units, stacked in the c-direction. The bonding between
successive layers is by both van der Waals forces and hydro-
gen bonds. The extensive hydrogen bonding, in particular, is
sufficiently strong that there is no interlayer swelling.
Because of a slight difference of oxygen-to-oxygen distance
in the tetrahedral and octahedral layers there is some distor-
tion of the ideal tetrahedral network. As a result, kaolinite is
triclinic instead of monoclinic.

Homogenization Analysis for the Seepage
Seepage Problem by HA

A two-scale HA is introduced for a macro-domain Q0 using
the coordinate system x° and a micro-domain Q1 using the
coordinate system x'. Both coordinates are related as x =
x%/e by the scale factor .
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Fig. 3 Diffusivity and viscosity of water in the neighbourhood of a
silicate surface (a) band gibbsite surface (b)

To represent incompressible flow, the following Stokes
equation is introduced:

%_FVS% —_g_i_i %
P\ T 0y ) T o o Moy
+fi in (1)
ove
e =0 in & (2)

where p is the density of water, V* is the water velocity in the
fluid domain Qf, P* is the pressure, fi is the body force, and 1
is the water viscosity. Note that we consider a steady state,
and hence the convective term VjoVi/Oxj of the left-hand
side (LHS) of (1) vanishes in the perturbation procedure, and
we can ignore the LHS terms from the beginning. The
superscript € implies a variable which varies rapidly in the
microscale domain. The viscosity distribution calculated by
MD is shown in Fig. 3 for an isolated kaolinite layer.
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Fig. 4 Two-scale domains for homogenization analysis

Naturally the velocity vanishes on the fluid-solid interface I':

=0 on T (3)

Now we introduce ‘two-scale domains‘for homogeniza-
tion analysis (Fig. 4); that is, the macro-domain QO and
micro-domain Q1. Coordinate systems that were set x° in
QO and x' in Q1 which are related by

(4)

Since the two-scale coordinates are employed, the differ-
entiation is changed to

0 0 10
8_x,~ 30 Jr—g (5)

By using the parameter € we introduce the following
perturbations:

VE(x) = £2V0(x0, N+ 8VHI(0x") +.

: X
Pe(x) = (x ,x1)+sP1(x x)+ ..

(6)
The perturbed terms of the right-hand sides (RHS) of (6)
are assumed to be periodic:

VE(xO0, xh)

1

Pa(XO7X1)

= Va0 + X!
A )
where X' is the size of a microscale unit cell.

Equations (5) and (6) were substituted into (1) and (2) to
get a set of perturbation equations. Due to the & '-term
resulting from (1) we understand that p0 is a function of
only the macro-coordinates x°. The €’-term resulted from (1)

is given by
e 0 5V0 LPO
8 ax 0x0

The body force f usually works in the macro-domain Q0
(f = f(x")), and the RHS terms of (8) are functions only of

oP!

x°. Thus we can introduce the separation of variables into
pl(xo, xl) and Vo(x, xl) as

0(,0 :
v,y = [ ) )
o ©)
P'(xX0xh) = — % —f) P ()

These are substituted into (8), and we get the following
microscale incompressible Stokes’ equations:

oPF 0 ovk .
o T aw T o0 Qy
D (10)
Vi
axll =0 in Q]f

J

where v(xl) and pk(xl) are characteristic functions for veloc-
ity and pressure, respectively (9, is Kronecker’s delta). By
solving (10) under periodic conditions the characteristic
functions, which reflect a complex geometry of the micro-
scale domain, were obtained. Let us operate an integral
average of (9) in the micro-domain, producing Darcy’s law
as,

_ 0 XO
V() = (V) = Ky B g (0)
j (1)
; 1
Ky= (Vi) = o, Vit () !

where 1Q,l is the volume of the micro-domain Q1 and
represents an averaging operation in the micro-domain. We
call K; ; the HA-permeability.

Equatlon (8) gives a mass conservation relationship
between the micro-domain and the macro-domain. When
averaging this in the micro-domain, the second term of
LHS vanishes due to the periodicity; then substituting
Darcy’s law (9) yields the macroscale incompressible
permeability equation:

OP°(x")
ofor
i

oV d
S =0= 55

i i

—fj(x(’)H =0 (12)

The water velocity and pressure are approximated as

VEQR) = VP2, PE(x) (13)

0
; ~ P7(x%)

It should be remembered that, in HA, the distribution of
velocity and pressure are calculated in the micro-domain.

The procedure to solve the total HA-seepage problem is
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summarized as follows: first, we solve micro-scale equation
(10) and get V¥ and P*, then determine Darcy’s coefficient
K;jfrom (11). Next by solving macro-scale equation (12), we
get the macro-pressure and velocity fields. In classical
geomechanics, Darcy’s law is written as

i .04

. p
Vie Kz, ¢=— 14
i i 30 = T¢ (14)

Where ¢ is the total head, p/pg is the pressure head, & is
the elevation head, and g is the gravity constant. K; is called

C-permeability and is defined as

K; = pgK;

(15)

Conclusions

Macroscale and microscale models of the kaolinite-water
permeability system analyzed here are shown in Fig. 7.
The number of mineral layers in one stack is assumed to
be eight. It is known that one layer is connected to others
by hydrogen bond, and the separation distance is calcu-
lated as 0.8 nm by the MD simulation. The density of
solid part of the mineral is also calculated by MD as
2.56 g/em®. A distribution of viscosity calculated by
MD is shown in Fig. 3. The distance between two stacks
is determined by the overall dry density of clay. We
assume that the kaolinite stacks are randomly distributed;
then the averaged permeability K* is estimated as
K* = Ky1*/3. The relationships between the C-
permeability (K*), the void ratio (e¢) and the dry density
(pg) are plotted in Figs. 5 and 6. These relations can curve
fit as

ek = 0 e (16)
logK* =3 x 107 Ve~
where the unit of K* is in m/s.

In this paper, a unified MD/HA method for analyzing
the seepage problem in kaolinite was presented. The
results obtained by this method are similar to the experi-
mental data, which supports the validity of the method
(Fig. 7).
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Study on the Microscopic Structure Characteristics
of the Gray Matter Slate

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

Abstract

The changes of the stress state and strength of the slip zone in a landslide are determined by
the material composition, micro-structural feature, and formation mechanism of the slip
zone. It affects the activities of the landslide. In this paper, the mineral composition of the
slip zone, which is composed of soft rock of the gray matter slate, is identified by DMAX-
3C X-ray diffractometer, polarizing microscope, and scanning electron microscope (SEM).
Results show that the content of calcite reaches up to 68 %. There are no changes in the
slickensides composition of the sliding surface material. The microscopic structure has
been analyzed by different experiments. The results show that the weak zone is composed
of the banded calcareous tuffaceous slate, and its structure is characterized by gray black
striped fine grains, heterogranular and irregular, and cryptocrystal texture. There is clay on
these surfaces, and can be cut into pieces, so it is easy to track and accommodate the shear
failure surfaces.

Keywords
The gray matter slate « The slip zone soft rock s Microscopic structure « Mineral
composition

Introduction 1988, in Wuxi, Chongqing. The landslide volume was
7.65 x 10° m* and weak zone was on coal. The landslides
caused the death of 26. The Jiguanling landslide is located in
Wulong, Chongqing. Volume of landslide was 4.24 million

m> and weak zone was located on shale. This landslide

The tilted mountain constructed with thick limestone is
widely distributed in the limestone territory of the south-
western China, including cities of Chongqing, Hubei,

Guizhou, Yunnan and Sichuan. Most of the landslides
occurred in those mountains caused large number of
casualties and great loss of property. Liu et al. (1995),
researched the dangerous rock mass whose weak zone was
carbonaceous shale and mudstone took place in Lianzi cliff
of Zigui county, Hubei province in 1964. Man (1991) stud-
ied the Zhongyang landslide that occurred on January 10,

M. Deng « Q. Xu (<) « X. Zhu  G. Cai * G. Zheng
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Protection, Chengdu University of Technology, Chengdu 610059,
China
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blocked the Yangtze River. Huang (2008) mentioned that
the Yankou landslide, located in Yinjiang, Guizhou, killed
five people and caused economic losses of 150 million Yuan.
The slip zone was made of a thin layer of shale. Xu et al.
(2009, 2010) described that the Jiweishan landslide, located
in Wulong, Chongging, produced a volume of 5 million m®
and killed 74 people.

Liu et al. (2004) argued that the type, material composition,
microstructural features, formation mechanism etc. of the slip
zone determine the changes in its stress state and strength,
which would affect the activities of a landslide. So, the research
on the slip zone provides an in-depth knowledge pertinent
to the development of landslide. The study on the mechanism
of slip zone clay cracks presented were similar to the

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 27
DOI 10.1007/978-3-319-05050-8_5, © Springer International Publishing Switzerland 2014
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research of slip soil performed by Wang (2006). Li (2007)
made in-depth studies on the formation, evolution process and
mode of slip zone of the large bedrock bedding landslide. Gibo
(2002) and others performed systematic and in-depth research
about the strength properties of sliding zone soil. After the
Jiweishan landslide in Wulong and Deng (2012), Feng et al.
(2012a, b), Liu (2010), Xu et al. (2009, 2010), Yin (2010,
2011), Zhang et al. (2010), Zou et al. (2012) have rushed to
the scene, carried out a detailed geological disaster research
work and obtained a wealth of research information. Liu
(2010), Xu et al. (2010), Yin (2010, 2011) made in-depth
study on the formation mechanism of the landslide, and
Zhang et al. (2010) analyzed the high-speed remote motion
characteristics of the landslide. However, Deng et al. (2009)
studied the microscopic structure of soft rock located in the slip
zone, which is rare. In recent years, with the improvement of
science and technology, the equipment in rock mechanics and
the test technique have been greatly advanced, so the
achievements in this regard are also increasingly high.

The research about the microscopic structure of soft rock
of slip zone is of great significance to the disaster prevention
and mitigation of geological disasters in the thick limestone
regions of the southwestern China, where the mining, river,
road and cities have been or are planned to be constructed. In
the present paper, on the basis of the field macro geological
survey of the Jiweishan landslide, the mineral composition,
microscopic structure of soft rock of slip zone were studied
by using DMAX-3C diffractometer (light filtering by CuKa,
Ni), polarizing microscope, scanning electron microscope
(SEM), and some valuable conclusions have been drawn.

Overview of the Jiweishan Landslide

At 3 pm on June 5, 2009, a tremendous landslide occurred at
the Jiweishan in Tiekuang Township, Wulong County,
Chongqing City. The thick limestone slipped down along a
low angle dip inter-bedded shale plane from 1,300 m cliffs
(the height difference of about 200 m). Blocked by the
opposite steep creek wall, the sliding rock mass changed
its direction and travelled further along the 22,000 m along
Tiejiang ditch (Fig. 1). The landslide body was mainly
constituted by the Permian off-white thick-bedded micritic
limestone, dark gray medium to thick bedded asphaltene-
containing limestone, argillaceous limestone and limy-slate
mezzanine etc. The area was about 84,000 mz, and its
volume was about 5 x 10° m®.

The slip zone generally developed along the rock strata,
with the occurrence of 30 ~ 355°£22 ~ 30°. There are a
large number of scratches on the slip surface along the
sliding direction and a large number of white slickensides
were developed on the slip surface, as can be seen in Fig. 2.
The Jiweishan landslide with a dual structure in Wulong is a

Fig. 1 Image of the Jiweishan landslide
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Fig. 2 Destruction of the samples and the observed slickensides

typical landslide located in tilted thick limestone territory.
The soft rock of slip zone is the gray matter slate of
5 ~ 20 cm thickness. Under the combined effect of long-
term mining activity in the lower part of the landslide and
blocked sliding in the leading edge, the slope slowly
creeped. This status has lasted for half a century, and there-
fore the structure of the soft rock of slip zone changed. The
field landslide survey results show that microscopic structure
of soft rock of slip zone plays an important role in
accelerating the creep and eventually rapid starting of the
landslide.

Test Equipment and Samples Preparation

The mineral composition is analyzed by the DMAX-3C
diffractometer (light filtering by CuKa, Ni). Samples used
in the micro tests of the rock were prepared according to the
standard of the polarizing microscope and scanning electron
microscope (SEM) powdered sample preparation. The pow-
dered samples were then tested according to the polarizing
microscope and scanning electron microscope (SEM)
standards. To observe its microscopic characteristics, the
micro testing of the sample was done with the polarizing
microscope (OLYMPUS CX21P) and scanning electron
microscope (SEM) S-3000 N/H manufactured by Hitachi.
The test program was conducted in College of Materials
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Mineral Compositions

The mineral composition of the soft rock sample is analyzed
by the DMAX-3C diffractometer (light filtering by CuKa,
Ni). X-ray diffraction pattern is shown in Fig. 3. The identi-
fication result of the mineral compositions shows that the
content of calcite reaches up to 68 %, whereas the proportion
of the organic matter was 13 %, talcum was 9 %, montmo-
rillonite was 5 %, quartz was 4 % and dolomite was 1 %
(Fig. 4). With water dissolution and transportation, the cal-
cite permeated and then stagnated in the striped calcareous
gray matter slate. The high organic matter content reduces
the compressive strength and shear strength of the layer of
striped calcareous gray matter slate. The talcum is soft,
delicate and smooth. It provides the conditions for the long
creeping and rapid movement of the landslide after its initi-
ation. There is a layer of slickensides covering the sliding
surface, observed during the field investigation of soft rock
of slip zone and shearing specimens. No changes were
observed in the slickensides composition when they were
analyzed by the DMAX-3C diffractometer (The red is X-ray
diffraction of the slip zone slickensides, the light blue is
X-ray diffraction of the slip zone soft rock) (Fig. 4).

Microstructure Features

The test results of the polarizing microscope structure show
that the lithology of the weak zone is the striped calcareous
gray matter slate, the structure is granular and aphanitic
structure is gray-black inclusion off-white stripe fine-
grained irregular inequi-granular. The slaty cleavage of the
rock in weak zone is more significantly developed. The main
rock components are off-white fine-grained carbonate and
black carbonaceous mudstone.

The rock body is the dust-color inclusion of white stripes
fine-grained lepidoblastic texture and a semi-directed bands-
striped structure. The main rock components are carbonate, a
lot of scaly calcite and a little fine-grained quartz, mainly
calcite. The microstructure shows scaly aggregates often
form in irregular pellet-group porphyritic. There is a little
fine-grained irregular granular quartz between the particles,
and sometimes there is fine-grained irregular granular or
pellet carbonate, which is interpenetration symbiosis
(Figs. 5 and 6).

Due to the effect of small granularity and impurities, the
interference color tends to be less distinctive. The structural
impact may lead to the slaty cleavage development along the
bands or the edge of the group porphyritic. The organic gray
matter is recrystallized and has formed the black aphanitic
carbonaceous (Aphanitic graphite), and it can make hands
dirty. The quartz disorderly intersperses between the calcite
intergranular particles, and its distribution is ordinary, but its
content is less. The slice is colorless. The interference color
is gray, and it has much more developed wavy extinction.
The quartz-carbonate veins in the rock is well developed. It
macroly shows white zone and synchronous folding with the
surrounding rock. Its locals contain black surrounding rock
xenoliths, which are mainly constituted by band aggregates
consisting of medium-grained irregular granular carbonate,
and sometimes containing a relatively small amount
of medium-grained irregular granular quartz, which are
interpenetration symbiosis. The locals cut through the
surrounding rock structure, but they are not affected by
metamorphism structures. It may indicate that the formation
of carbonate veins is mainly through the same structural
development (Fig. 6). The structure and mineral composition
of the gray matter slate are more complex. They experienced
multi-phase deformation and metamorphic processes.

On the basis of the field macro geological survey of the
Jiweishan landslide, the typical samples from 10 landslide
sliding surfaces are tested by the scanning electron micro-
scope (SEM). The samples at natural state and samples with
10-day water saturation were analyzed, and then the micro-
structure features of the landslide sliding surface were
obtained. The lithology of the test’s sliding surfaces is gray
matter slate, dried naturally and plated, when the samples
were observed by SEM. There are a large number of linear
scratches, micropore, microfissure and the clay mineral
directional arrangement (Figs. 7 and 8).

Under the rainfall condition, the situation where the water
flowed into the interiors of the slip zone were simulated, and
then the saturated-water tests were done. Five samples which
were immersed in distilled water for 10 days were selected.
They were soaked and then dried, and the microstructure
were then examined by the SEM. The result shows that the
micro-cracks expand, the porosity increases significantly,
and new micro-cracks occur (Figs. 9 and 10). The water
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Fig. 4 X-ray diffraction of the [1.mdi] <2T(0)=-0.22>
Soft rock and specular materials [2.mdl] <2T(0)0.22>

1250 %
i

1000 ~

750

3.3414

d=:

500 -

Intensity(Counts)

Fig. 5 Banded and perthitic structure (visual field diameter: 5.2 mm, Fig. 7 Linear scratches in low magnification x200 times
parallelling to the polarization)

Fig. 6 Contact relationship between the carbonate aggregate and Fig. 8 Microcosmic linear scratches at high magnification x 2,000
surrounding rock (visual field diameter: 1.0 mm, parallelling to the  times
polarization)
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Fig. 10 Microporosity exists x2,000 times

can lead to new micro-cracks of the soft zone, which become
the main sources of continuous sliding cracks. The test
results of the microstructure show that the structure and
mineral composition of the gray matter slate are more com-
plex. They have experienced multi-phase deformation and
metamorphic processes. Some microscopic structures above
the weak zone play an important role in the slow chain-
styled catastrophe processes after the fast development, dur-
ing which several stages have been experienced: the forma-
tion of landslide boundary in a long period — creeping
along the weak surface — stress concentration and then
shear collapse — disintegration impact — catastrophic fail-
ure occurrence. All these stages also coincide with the basic
characteristics of the landslide movement.

Conclusion

The typical material composition, microstructural features,

formation mechanism etc. of the landslide weak zone

determine the changes in its stress state and strength, and
these changes would affect the activities of a landslide.

On the basis of the field geological survey of Jiweishan

landslide (especially the slip zone), the slip zone

characteristics of the Jiweishan landslide obtained much
more detailed research through a series of laboratory tests.

1. The content of calcite reaches up to 68 %, whereas the
organic matter about 13 %, talcum about 9 %, montmo-
rillonite 5 %, quartz 4 % and dolomite 1 %. With water
dissolution and transportation, the calcite permeated,
and then stagnated in the striped calcareous gray matter
slate. The high organic matter content reduces the
compressive strength and shear strength of the layer of
striped calcareous gray matter slate. The talcum is soft,
delicate and smooth. There is a layer of slickensides
covering the sliding surface in the investigation scene
of the slip zone soft rock and shearing specimens. There
are no changes in the slickensides composition when it
is analyzed by the DMAX-3C diffractometer.

2. There are a variety of irregular granular or pellet
minerals, and they are interpenetration symbiosis. The
main rock components are off-white fine-grained
carbonate and black carbonaceous mudstone. The
former rock will produce bubbles when it meets cold
HCI. The latter rock is soft and flexible, and it is mainly
composed by mud, and it can make hands dirty. It hardly
forms bubbles when it meets acid. Results before and
after water saturation of the weak zone show that there
are a large number of linear scratches, micropore, micro-
fissure, and the clay mineral demonstrates directional
arrangement in the natural dried samples in the scanning
electron microscope. Besides, some micro-cracks and
expansions occur in the fully water-saturated samples
from the slip surfaces, the porosity increases signifi-
cantly, and new micro-cracks emerge. These micro-
cracks become the main sources of continuous sliding
cracks. Some microscopic structures above the weak
zone play an important role in the slow chain-styled
catastrophe processes after the fast development.
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Effect of Vertical Load on Shear Characteristics
of Micro-Piles in Landslide

ShuFeng Wang and YuePing Yin

Abstract

In recent years, micro-pile has been widely applied to landslide treatment engineering due
to its advantages in application and construction. Its engineering effect is quite evident. At
present, some researchers focus on studying the effects and failure mode of micro-pile in
landslide reinforcement. However, only few of them discussed how the pile works with
shearing force and vertical load. By numerical simulations, a part of which were compared
with the results from large-scale physical model tests, effects of vertical load on shear
characteristics of micro-piles in landslide were analyzed. Each row of piles simultaneously
sheared with vertical loads, which played an active role in increasing anti-sliding force.
According to the analysis, the four rows of piles, installed close to trailing edge, were
mainly affected by compression, comparing to the rows installed in front, which are

affected with tension.

Keywords

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

Background

Installation of micro-piles to improve stability of slopes has
been highly effective in recent decades, and it is widely used
in landslide remediation projects because of its advantages,
such as requiring small equipment, adaptability to various
soils, low noise, minimal disturbance on slope during con-
struction, flexible forms to pile location, etc.

At present, many researches in the world have been
studying the shearing characteristics of micro-piles.
Thompson (2004) and Su (2010) used of the shearing box
model to study the mechanism of micro-piles under lateral
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load. Sun et al. (2010), Xiao (2008) and Andrew (2006)
conducted model tests to investigate sliding mechanism of
the micro-piles in landslide. Yan (2010) and Wang et al.
(2010) also made large-scale model tests to study failure
mode and sliding mechanism of the micro-piles in landslide.

These authors focused on stress situation, failure mode
and the sliding mechanism of micro-piles, rather than the
relationship between shear properties and the vertical load.
Impact of vertical load on shear properties for micro-pile
was discussed based on results from numerical simulations,
and parts of the results were compared with results obtained
from large-scale physical model tests.

Numerical Simulation Model

Numerical simulation model test adopted geometric similar-
ity ratio C, = 3, elastic modulus ratio Cg = 1 as basic
similarity ratio, and listed similar criterion equation as of &
type according to the similarity principle. Accordingly, the
physical quantities were calculated as follows: Cy = 3,

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 33
DOI 10.1007/978-3-319-05050-8_6, © Springer International Publishing Switzerland 2014


mailto:wshufeng2010@163.com
mailto:506358410@qq.com

S.Wang and Y. Yin

34
a
b
slipf direction
A’V
Al e ® Al'e ® ®

800mm “\

= ° o o pressure c.ell
£ Bl B2 /

S

S

e ® e

@ = @ @
Cl C2 ce
Dle D2e = ® ®
Micropile
Elé E2e E3 % o °

Fig. 1 Model for test and numerical simulation and the serial number
of piles. (a) Model size, (b) Serial number of piles

Cp=9,Co=1,C, = 1,Crc = 9,Cps = 9,Cy = 1. Here,
the subscripts q is the linear load, p is the force the piles are
subjected to, ¢ is the stress, € is the strain in the pile, AC is
the cross-sectional area, AS is the reinforcement cross-
sectional area of the piles, and os is stress in the soil
(Yan 2010).

Numerical Model Design

Numerical model was assumed to be homogeneous body
with weak surface between the slide and the slide bed as
slip surface.

The piles were 4 m in length and 60 mm in diameter,
corresponding to prototype pile with length of 12 m and
diameter of 180 mm, respectively.

The piles were circular in shape and laid as quincunx by
5,4,5,4,5 (sign row A, B, C, D, E) pattern along the pile
load transfer direction with coupling rigid beam connection
on the top. The strength of pile was at the grade of C25.
Multi-stage loading approach was utilized with the
corresponding pressure value of 8, 16, 24, 32, 40, and
48 kPa. The size of the test model and the chosen monitoring
pile are shown in Fig. 1. Likewise, the model for numerical
simulation is shown in Fig. 2. Monitoring nodes are shown in
Fig. 3. Physical and mechanical parameters are: loess

Fig. 2 Model for numerical simulation
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Fig. 3 Schematic diagram of monitoring nodes
friction angle ¢ = 11.7°, cohesion ¢ = 24.6 kPa, density

d = 1,400 kg/m* sliding surface friction angle ¢ = 15°,
cohesion ¢ = 3.5 kPa.

Results and Analyses

Shearing forces at each stage of pile Al from numerical
simulation are shown in Fig. 4. Comparisons of this result
with that of the monitoring piles with vertical load are
presented in Figs. 5, 6, 7, and 8.
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Fig. 6 Shearing force distributed in piles with 100 Pa vertical load. (a)
Shearing force distributed in rows A and B. (b) Shearing force
distributed in rows C-E

As can be observed in Fig. 4, with no vertical loads on top
of piles, we can see that the form of shearing force
distributed along the pile is like a shape of “M”, turned
perpendicular on left; each shear curve has three peaks,
and the peak near the slip surface is in the same direction
as in the sliding mass, comparing with the ones close to the
top and bottom of the micro-pile in the opposite direction.
Shearing curves on and under the slip surface are approxi-
mately symmetrical about the surface. The maximum value
of shearing force is located near the sliding surface, which
moves closer to the top of pile with an increase in loading on
the slope surface, reaching close to 2-3 cm. Likewise, the
two peaks close to top and bottom move slightly to the tips of
the micro-pile with the maximum distance of 50 cm. Shear-
ing force of each row of piles decreases in turn along the
direction of load transfer.
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Fig. 7 Shearing force distributed in piles with 400 Pa vertical load. (a)
Shearing force distributed in rows A and B. (b) Shearing force
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As can be observe in Figs. 5, 6, 7, and 8, vertical load
plays a significant role on the shear force in the piles; and
each row of piles charges the shearing force simultaneously.

Existing data showed that the landslide thrust distributed
triangularly along the pile with the maximum near the slip
surface, which means that the landslide thrust of the third
monitoring node is close to 0. Results from numerical simu-
lation show that its value is larger than 0, which relates to the
small lateral confinement because of its position of close to the
slope surface. Let’s take Fig. 9 as an example; nodes near the
slope surface firstly break because of excessive deformation
when loading to 1,200 Pa.

Shearing force in each pile of row A is less than that of
row B, which may be related to the number of piles between
row A and B. The “zero” points near the slip surface usually
exists when vertical loads are added on micro-piles, and their
position usually do not change concomitantly with the
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Fig. 8 Shearing force distributed in piles with 800 Pa vertical load. (a)
Shearing force distributed in rows A and B. (b) Shearing force
distributed in row C-E

increase of the vertical load. When the vertical loads are
small (such as 50 Pa, 100 Pa), the maximum values of
shearing force in the pile are less than 10kN. Moreover,
each pile has different values. At the same time, there are
no shearing forces at the bottom of the piles. So, we can
conclude that smaller vertical load has little effect on
enhancing the shear force capability of the pile. However,
for the higher vertical loads (such as 400, 800 Pa), a great
variations in the shearing forces appear at the bottom of each
pile. Although the values are opposite, they also have an
uniform distribution around the zero value, which are help-
ful to strengthen the shearing capacity of micro-piles.

Existing research data (Zhou et al. 2009) shows that the
piles can take tensile loads of the landslide thrust when the
piles reach the yield condition.

A very interesting phenomenon is that the maximum
value of shearing force and the maximum range of variation
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Fig. 10 Schematic diagram for force distributed on piles

were observed in row E, among the rows C, D, and E.
Analyzing its force process (Fig. 10), we can see that rows
A and E mainly undertake extrusion (T) from soil between
piles, landslide thrust (S) at the slip surface, tensile force

after broken (F or F'), the difference in value of which and
direction of resultant leads to different shearing force.
According to the analysis presented above, row A is mainly
affected by compression, compared to row E, which is
affected with tension.

Discussion

The shearing force along the pile mentioned in the text are
instantaneous among of the process of iterative calculation,
which means that it can not represent the whole process of
loading, and the value is only with regular statistical
significance.

Conclusions and Recommendations

Each row of piles shears simultaneously with the vertical
loads on the top of piles. When the vertical load increases
to a certain value, shearing forces appear at the bottom of
the pile, and at the same time, longer piles are needed in
the anchored segment. Vertical loads play an active role
in increasing anti-sliding force for micro-piles. The
“zero” points near the slip surface usually exist when
adding vertical loads on micro-piles. The four rows
close to trailing edge are mainly affected by compression,
compared to the row in front, which is affected with
tension.
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Geotechnical Centrifuge Modelling for Rock Slope
Failure: A Brief Overview

Zhen Feng and Yueping Yin

Abstract

Geotechnical centrifuges are used widely worldwide for rock mechanics. This paper gives a
brief overview of rock slope failure modeling using geotechnical centrifuges. Several cases
involving centrifuge modeling for rockslide mechanisms have been recorded. Two methods
of small-scale geotechnical centrifuge modeling for large scale problems, such as landslide
form massive rock slope failure, are presented. Furthermore, model materials for structures
are introduced considering the structures dominating rock slope stability. Finally, a short
discussion regarding difficulties in rock slope failure modeling is given.
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A Brief History of Geological Geotechnical
Centrifuge Testing in Rock Mechanics

Philip Bucky of Columbia University was the first researcher
who made Edouard Phillips’ idea a reality by undertaking
geotechnical centrifuge modeling for mine roof collapses in
1931 (Taylor 1994). Since then, researchers worldwide have
adopted the methodology from Bucky’s tests and have
gained a good understanding of the mechanical properties
that apply to mining engineering design. Panek
(McWilliams 1989) performed notable works on under-
ground excavation in rocks and conducted several sets of
geotechnical centrifuge tests regarding the bolting of bedded
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mine roofs, and several publications were published from
1952 to 1962. Ramberg agreed with Stephansson (1965)
with respect to the centrifuge modeling of underground
openings. Simplified models collapsed in a high acceleration
field, and thus, replicated the unstable behavior of natural
mines. Based on theoretical stability analysis and geotechni-
cal centrifuge modeling test, Stephansson (1971) performed
a more detailed finite element analysis on the stability of
excavations in layered rocks. Mathematical solutions of
strain and stress for mining roof were proposed. Subse-
quently, synthetic analyses consisting of theories, numerical
simulations, and physical modeling have been accepted as
the most effective method in engineering disciplines.

In the early 1980s, Sutherland and his collaborators
conducted a series of tests on subsidence above mine
structures in a 25-ft radius centrifuge. Since then, large-scale
geotechnical centrifuges have emerged in the field and have
become widely accepted. Joseph et al. (1988) and Einstein
et al (1990) performed an extensive study of scaled modeling
on arching in granular and jointed media. They compared the
behavior of differently scaled models of the same prototype
through a so-called “modeling the model” approach and
concluded that discontinuities can only be modeled to a
limited extent. Tsesarsky and Talesnick (2007) modeled
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multiple vertically-joined Voussoir beams to calibrate and
validate numerical methods employed in the kinematic analy-
sis of underground openings in horizontal bedded and discon-
tinuous rock masses. A distinctive set of tests to determine the
shear stress-shear displacement features of interfaces between
rock blocks was also conducted in geotechnical centrifuge,
and the results were compared with the theories proposed by
Barton and Bandis. They suggest that the scaling of shear
displacement along the interface surface should not be done
in the context of the model/prototype analysis.

In the early years, fields related to tectonic movements, as
well as mining engineering, were the main areas in which
geotechnical centrifuge modeling was performed. Due to
the high scale contrast, the tasks were performed in much
higher-speed drum centrifuges. Ramberg (1963, 1964) and
Ramberg and Stephansson (1965) conducted an extensive
series of tests to study gravity tectonics and the folding of
moraines using geotechnical centrifuges. His work was very
influential during the early days of plate tectonics. The work
continues at the Hans Ramberg Tectonic Laboratory, which is
the forerunner of numerous tectonic laboratories that are
situated throughout the world (Soula 1982; Harris et al. 2002;
Harris and Koyi 2003; Corti et al. 2004).

Dixon (1975), Talbot (1974, 1977), Schwerdtner and
Troeng (1978), and Langenberg and Ramsden (1980)
respectively performed studies on diapiric domes and gneiss,
or plutonic diapirs, employing geotechnical centrifuges. In
the early 1990s (Liu and Dixon 1990; Dixon and Liu 1992)
studied the structural evolution of foreland fold and thrust
belts. The centrifuge models were constructed out of silicon
putty modeling rocks and plasticine modeling clay and were
confined to a 2,000-g drum centrifuge at Queen’s University.
It should be noted that Lebedev and Kadik (2000) employed
a high-temperature centrifuge to simulate the probing of
liquid and crystal separation in the evolution of partially
molten zones involving a multiphase flow.

However, it should be stated that all of the tectonic modeling
tests were performed in drum centrifuges. The tectonic centri-
fuge modeling not only improves our understanding of tectonic
processes, but to an extent, it assists in exploration performed
by the petroleum industry. By clarifying the structural geome-
try and sequence trap formation, assessments of reservoir
potential can be made. In analogue materials research, tectonic
experts make use of low density and viscosity materials to
model large-scale natural rock masses in high-acceleration-
running geotechnical centrifuges. This kind of method merits
application for large-scale prototype modeling in other fields.

Geotechnical Centrifuge Modeling Tests
in Rock Slope Engineering

Generally, self-weight and gravity-induced hydraulic stress
may be the dominant force causing the failure of slopes. The
movement of pore fluid, also known as self-weight-induced

seepage, can only be modeled in a geotechnical centrifuge.
Therefore, the realization of slope stability was inevitable
among the initial applications of geotechnical centrifuges.
Thus, one of the main areas requiring the use of geotechnical
centrifuges in rock mechanics is rock slope stability. However,
one issue is that in the early stages, most studies focus on soil
slopes, which are easily understood. Rock slopes always
involve joints, foliations, and faults, which produce the anisot-
ropy and discontinuity, and this is the key difference in the
geotechnical centrifuge modeling of rock mechanics.

To determine the stability of flysch rock slopes, Goldstein
et al. (1966) tested some models in a large-scale geotechni-
cal centrifuge. The influence of the joints on the rock slope
was observed, and the outcomes validated the field and
theoretical methods. Likewise, Sugawara et al. (1984), car-
ried out a series of centrifuge tests using homogeneous
models to interpret the progressive failure of rock slopes
and the influence of a single discontinuity.

Until now, most geotechnical centrifuge analysis of rock
slope stability has focused on toppling failures and the
University of Western Australia foreruns in the area. Fahey
et al. (1990) conducted a series of centrifuge modeling tests
on foliated rock slopes, and developed several model prepa-
ration techniques in the laboratory. Following on the idea
from Fahey, Adhikary et al. (1997), Adhikary and Dyskin
(2007) investigated the mechanism of flexural toppling fail-
ure of jointed rock slopes without cross-joints by performing
centrifuge experiments. Some significant results were
obtained, and the modeling tests were also used to validate
and calibrate the limit equilibrium method and numerical
analysis. As a pioneer in centrifuge modeling, the China
Institute of Water Resource and Hydroelectric Power
Research (IWHR) did extensive and impressive work on
topples (Wang et al. 1996). Gypsum column models, alumi-
num models and plastic cubic models (Chen et al. 2006) with
a defined basal plane were used to validate the basic frame of
extensions proposed for the Goodman-Bray method. Fur-
thermore, artificial rock models comprising cement, sand,
magnet powder, and water were tested to represent the
failure modes (Zhang et al. 2007). Deep-seated biplanar
slip breaking out through the toe of the slope was observed.
Studies suggested that the tensile strength of rock mass
should be amended if numerical models are employed to
analyze centrifugal modeling tests, due to the existence of
joints. To the author’s knowledge, this is the first centrifugal
experiment on a rock slope using more than one set of joints.

When there are joints dipping along the slope, landslides
parallel to the rock layer can occur very easily. Bedding rock
slopes have also been investigated in geotechnical centrifuges.
Stacey (1973) conducted both jointed and intact rock slope
tests. The centrifuge model studies illustrated that failures
occurred when sliding along the pre-existing joints. In con-
trast, failure through the intact model was not observed. “The
tests also revealed that the failure mechanism was progressive
and coherent sliding of one large block could not be observed”
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(Sjoberg 1996). Another innovator at the Yangtze River Sci-
entific Research Center, China analyzed the mechanics of rock
masses with joints and faults. Han and Wang (1991, 1994)
released example models involving the deeply excavated rock
slope of the Three Gorges Project and underground extraction
to illustrate the stability problem on the Lianziya rock cliff.
They developed some new techniques and instruments for
dynamic problems, water pressure and anchoring. The results
provided valuable references for both the assessment and
design of high rock slopes and thick bedding rock slopes.

Studies of cold climate slope processes have been carried
out since 1969, and they have focused mainly on massive
movements. Davies et al. (2003) has led centrifuge-based
research of warming permafrost within jointed bedrock to
study the effects of global warming on alpine slope stability.
Experiments involving simplified thick-bedded rock slope
models with two sets of ice-bonded discontinuities were
conducted. The plane strain models were constructed using
four blocks and had a dimensional scale of 1:120. Giinzel and
Davies (2006) performed extensive work with pre-stressed
rock bolts and reinforced the model slopes during tests. There
is a significant feature in model construction that the slide
surface was cast against profiled steel in a sawtooth shape.

Some peculiar geotechnical centrifuge modeling tests on
rock mechanics have been carried out. Xing et al. (2005)
performed modeling of wedge failure in rock slopes and the
tests were analyzed using the Hook and movable mechanism
methods. The results of the centrifuge model tests also showed
reasonable evidence to support Pam’s principle of maximum.

The use of geotechnical centrifuges could significantly
enhance the understanding of not only nondestructive defor-
mation, but also post-failure behaviors for rock slope failure. In
an attempt to determine the mechanism behind this behavior,
Imre et al. (2010) carried out centrifugal model experiments
and represented the process of Sturzstrom, which involves a
highly dynamic collisional granular regime. Rock fragmenta-
tion is the main concern of the centrifugal model tests. Through
observation and model studies, they concluded that the run out
is controlled by the initial size, intact strength, and intact elastic
properties of the rocks involved. Feng (2012, 2013) has carried
out experiments on oblique thick-bedded rock slope failure
by centrifuge to replicate rockslide initiation. A four-blocks
model and a more discrete model were used and apparent dip
slide was observed during the tests, which validated the previ-
ously proposed “key block resisting” theory.

Similarity and Scaling Laws for Massive
Rock Slope Failure

Most of the geotechnical centrifuge modeling tests adopt an
Ng acceleration, where N is the dimensional ratio. By doing
this, it is easy to realize an equal stress between the prototype

and model. Sometimes, like massive rock slope failure
problems on a very large scale, being subject to a fixed
model container size and a maximum acceleration of the
centrifuge, a compromise has to be made where the dimen-
sional ratio (Cp) is larger than the gravity ratio (N), which
implies a small-scale centrifuge modeling. There are two
different small-scale modeling methods that deal with large
scale problems, the unequal stress modeling and the equal
strain modeling.

The unequal stress modeling means that the stress field is
unequal between the model and prototype. Models
possessing the same characteristics as the prototype are put
into a centrifugal box being spun under an Ng acceleration
which is smaller than Cp. The prototype can easily be
deduced from obtained data either under a specific low
acceleration via a similar linear relationship, or under sev-
eral low accelerations via linear fitting. However, nonlinear
and elastic plastic problems dominate in practice and cannot
be simply treated as linear-elastic (Zhang and Hu 1990). The
rock mass shows elasticity under a low stress load, while the
plasticity in a high stress field and modulus changes with
stress variation. Thus, the similarity criterion derived from a
mathematical physical equation analysis is a better and more
effective method. However, most of the time, quantitative
difficulties result in incomplete analytical solutions or
approximate solutions, which is contrary to the core mean-
ing of equation analysis.

Because the unequal stress modeling is a non-destructive
test and the equation analysis is tedious, scientists have
developed an equal strain modeling that is based on dimen-
sional analysis and have made progress with it in the area of
rock mechanical modeling. To satisfy the strain and defor-
mation similarity, not all parameters of the model materials
are similar to those of the prototype, and low modulus
materials characterizing greater plasticity and lower cohe-
sion than prototype rocks are used. Therefore, although the
equal strain modeling cannot generate an original gravita-
tional field as well as can the unequal stress modeling, a
progressive or instantaneous failure process can be
reproduced. The destructive equal strain modeling helps us
to better understand the initiation mechanism and behavior
of rockslides, in particular massive rock slope failure.

Materials for Rock Slope Geotechnical
Centrifuge Test

Structures, including sliding surface, faults, and fissures, are
distinctive features for rock slope failure modeling, and they
play the most important role in the destabilization of rock
slopes. Researchers have developed many modeling
materials for structures in the rock mechanical centrifuge
test. Structures are usually simulated by inserting a medium
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Table 1 Materials used for joints in rock slope failure geotechnical centrifuge modeling

References Material Angle of friction ~ Cohesion

Fahey et al. (1990) Paper Unknown 22 kPa
Sand—cement layers in contact Unknown 40 kPa
Fiber-cement layers in contact Unknown 17 kPa

Wang et al. (1991) Plastic film 21.8°-26.6° 0
Polyester 16.7° 0

Wang et al. (1996) Latex Unknown ot = 0.3-0.4 MPa
Butter 37° 65 kPa
Vaseline 31.4° 5 kPa

Adhikary et al. (1996, 1997), Adhikary and Dyskin (2007) Silica glass sheets in contact 8.25°-8.5° Unknown
Limonite—gypsum layers in contact ~ 22°-26° Unknown

Xing et al. (2005) Sandpaper 27°-27.5° 0
Geotextile 17.1° 0

Davies et al. (2001, 2003) Sawtooth surfaces Unknown 0
Ice-filled sawtooth surfaces Unknown 0

Feng (2011, 2012) Grease smeared on geotextile 18° 1.7
Geomembrane 12° 2

between two opposing surfaces, such as sheets, viscous
coatings, and sometimes just a bare contact of blocks
(Stephansson 1971). Different types of glue, lubricants, and
mixtures of mineral powder and glue or lubricants, paper,
clay, etc. have been used (Sjoberg 1996; Stimpson 1970).
Davies et al. (2003) performed a distinctive simulation on
ice-filled joints and produced an interlocking or imbricate
slide surface with small steps to produce friction angle
values that are dependent on normal stress. Table 1 presents
some of the materials used in previous tests. It should be
noted that the thickness of the slide surface has a significant
influence on the stability of the rock slope, but it is difficult
to control the compressive deformation of thick and weak
intercalated layers due to increase in the g-level.

Discussion and Conclusions

Geotechnical centrifuge modeling tests can replicate the
failure processes of rock slopes, helping to reveal
rockslide mechanisms through direct observation and
data analysis. This brief overview simply recorded sev-
eral cases of rock slope failure modeling and modeling
techniques, which can be used as references for
researchers in the study of rock slopes.

However, there remain difficult and unsettled
problems regarding data acquisition, material determina-
tion, model preparation, and modeling techniques, etc.
One important reason why the failure mechanism of the
jointed rock slope is not well understood is that it is very
difficult to monitor the interior reactions of the rock slope
during flight. In the future, wireless, delicate, and tiny
conductors are expected to play a significant role as they
can be buried in advance to measure inner, minor, and
simultaneous responses. Furthermore, seismic responses
have become a hot issue in recent years, whereas the
dynamical instability failure of rock slopes is not

frequently mentioned in literature. Vibration tables and
boxes, as well as dynamic theory in geotechnical centri-
fuge modeling involving boundary effects and inertia,
etc. require further studies. Finally, the construction
effects including excavation and building slopes are par-
ticularly difficult in the rock mass, not to mention the
heavy and the need of small light strong instruments.
Nowadays, most of the parts, such as excavation and
bolt, are installed before the tests are performed. The
use of liquid bags may be a good choice that can be
introduced into rock mechanical centrifuge modeling
considering incompressibility.

Scientists and engineers are developing new devices
and techniques to resolve conflicting difficulties in cen-
trifuge modeling of rock slope failures. It is believed that
a greater understanding of the rock slope failure mecha-
nism will be obtained from geotechnical centrifuge
modeling.
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Physical Model of the Mechanism for Thermal
Wedging Failure in Rocks

Vladimir Greif, Ivana Simkova, and Jan Vicko

Abstract

Cyclic diurnal and annual temperature variations acting upon rocks are rarely considered
among triggers of slope movements. The importance of temperature change is viewed
mainly as a precursor of failures, where the triggers are rainfall or seismic activity. This
paper aims to determine the limit conditions in which plastic deformation develops in a
situation where one or more blocks fallen into an open crack create a wedge, causing non-
elastic displacement of a block resting on an inclined plane. A physical model was prepared
to study this phenomenon in a thermal dilatometer, in which the displacements were
measured using linear variable differential transformer (LVDT) sensors for blocks with
different block/wedge ratios, while temperature was varied in a controlled manner. Nine
physical models of sandstone blocks were tested over a cyclic temperature change of
AT = 35 °C while measuring the permanent displacements of a block in order to confirm
the existence of this type of failure mechanism. Further, a series of cyclic tests were
performed on all nine physical models to determine the threshold temperature change at
which plastic deformation occurs for different block/wedge ratios. Results showed plastic
deformation resulting from a cyclic wedging mechanism for a block/wedge ratio 0.5 and
total model size of 50 mm, reaching a permanent displacement of 4.23 x 10~> mm for a
block resting on an inclined plane with a slope of 7°. For these conditions, a temperature
change which caused permanent block displacement by thermal wedging was as low as
6 °C. The results of the physical model are in agreement with a proposed analytical solution
by Pasten (2013) and measurements of Bakun-Mazor et al. (2013) at a site at Masada,
Israel.

Keywords
Thermal wedging « Rock stability « Failure mechanism « Cyclic temperature change

variations. Further ideas that slope movements can be trig-

Introduction

Knowledge of slope movements due to cyclic temperature
change is not new. Davison (1888) describes rock-block
displacement on an inclined plane triggered by temperature
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gered by cyclic temperature changes are found in Redlich
et al. (1929) and Zaruba (1932).

The occurrence of slope movement as a consequence of
thermal stress generation inside a rock slope is at present
not well understood. Many authors (Gunzburger et al.
2005; Watson et al. 2004; Vicko et al. 2005, 2009; Jezny
et al. 2007; Brcek 2010; Breek et al. 2010; Gischig et al.
2011a, b; Mufundirwa et al. 2011; Vargas et al. 2013)
dealing with these problems acknowledge the thermo-

mechanical effect affecting the rock slopes, but
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Fig. 1 Principle of the Initial conditions

2. cycle

mechanism of thermally-induced
wedging

quantification has proven to be difficult. Pasten (2013)
attempted to quantify the amount of thermal sliding in a
simplified conceptual analytical model shown in Fig. 1,
where several blocks fallen into an open crack, simplified
as a wedge block of the same rock material, act on the block
resting on a sliding surface, forcing it to move due to the
wedging/ratcheting mechanism.

This led to a series of equations allowing the calculation
of the plastic deformation of this rock block. Recently,
Bakun-Mazor et al. (2013) applied this conceptual model
to the rock slope at Masada (Israel) to distinguish between
seismically- and thermally-induced displacements of a mon-
itored rock block. In this work a series of physical models
was carried out in order to understand the wedging mecha-
nism and measure the plastic deformation for blocks with
different wedge/block size ratios.

Model Preparation and Set-Up

The modeling experiment was prepared as a block of sand-
stone reacting against an inclined base made of the same
material. The model was in the shape of cylinder core
drilled from a sandstone rock block, with a diameter of
3.5 cm and length of 5 cm. The wedge acting in the open
discontinuity was created by sawing the cylindrical sample
at angle of y = 15° in order to obtain a wedge, as shown in
Fig. 2. Nine model variations were prepared, differing by
the ratio between the wedge width Ly and block width Ly
(Lw/Lg). The dimensions of all model variations are
summarized in Table 1. The base of the model was sawn
to create a flat surface inclined at angle n = 7° from the
horizontal. The model material properties are shown in
Table 2.

Fig. 2 (a) Geometry of the models and (b) the nine models prepared
with various wedge/block ratios named in Table 1

All prepared model variations were tested in the thermo
dilatometer VLAPO4, which consists of a frame made of
borosilicate glass enclosed in a thermally controlled
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Table 1 Model dimensions and geometry

Model dimensions/model R14 R21 R24

L =Lb + Lw [cm] 4.45 4.48 4.49

Lb [cm] 3.90 3.70 3.62

Lw [cm] 0.55 0.78 0.87
Lw/Lb [—] 0.14 0.21 0.24

H [cm] 1.94 1.88 1.94

x [°] 15 18 17

nl°] 7 7 7

Table 2 Model properties

Model material properties

Joint friction angle ¢; [°] 23.7

Mass density p [kg/m®] 2,410
Thermal expansion coefficient o rch 1.09 x 107°
Thermal diffusivity y [m*s~'] 8.44 x 1077
Specific heat C [J.Kg™' °C™"] 1.01 x 10
Thermal conductivity A [Wm°C71] 2.09
Young’s modulus [GPa] 8.82

Shear joint stiffness [MPa/m] 18.7

chamber. The temperature is controlled by a computer and
could be adjusted in the range from —17 to +60 °C. The
temperature was measured on the surface of the rock model
and in the center of a dummy sample prepared from the same
material as the model. Figure 3 shows the scheme of the
dilatometric device, with a close-up of the model set-up
prepared for testing.

In order to measure the block displacements caused by the
wedging action due to the cyclic thermal loading, a push rod
made from fused silica was attached to the free side of the
block with a cyanoacrylate adhesive to prevent unwanted
slippage. This rod transferred the block movement to a linear
variable differential transformer (LVDT) transducer, which
measured the displacement with a resolution of 1 x 10~* mm.

R27 R40 R56 R68 R88 R94
443 4.51 4.51 4.24 4.50 4.54
3.48 3.13 2.88 2.52 2.39 2.34
0.95 1.38 1.63 1.72 2.12 2.20
0.27 0.4 0.56 0.68 0.88 0.94
1.76 1.74 1.81 1.88 1.75 1.84
15 15 13 12 11 17

7 7 7 7 7 7

The first was the amount of plastic displacement of the
block due to the wedging action created during one thermal
cycle with AT = 35 °C. For this procedure the model was
inserted inside the dilatometric device VLAPO04 according to
Fig. 2. Testing started after 1 h to allow for temperature
equalization.

The temperature was then decreased from an initial 20 to
—15 °C and then back to the initial temperature. The rate of
the temperature change was nonlinear, with higher rates in
initial stages of cooling and heating and slower rates during
equalization (Fig. 4). The testing procedure with the cooling/
heating rates was kept similar for all model tests. The plastic
deformation of the block was calculated by measuring the
value of the displacement after one thermal cycle by the
LVDT sensor.

The second characteristic value was the limit temperature
change AT« causing a permanent displacement of the
block. The testing procedure consisted of repeating the ther-
mal cycles while increasing the temperature difference AT
by 1 °C at each step. The displacement of the block was
measured after completion of each cycle and the procedure
was stopped when the displacement reached 10~ mm. The
corresponding temperature difference AT was then declared
the limit temperature change AT,,., causing a permanent
displacement of the block for that particular model.

Thermal Testing Procedure

The relatively small size of the physical model was chosen
intentionally in order to allow for complete equalization of
the temperature inside the model.

This was documented by comparison of the temperature
curves measured inside the model and at the model surface
(Fig. 4). This situation corresponds to an exposure time long
enough to reach temperature homogenization inside the
model according to Pasten (2013).

Each model was inserted in the thermal chamber, where
the temperature was controlled by a thermocouple inserted
inside a dummy sample composed of the same material as
the model. The testing procedures were designed to deter-
mine two characteristic values.

Analytical Model

An analytical model for the wedging failure mechanism was
developed by Pasten (2013) and subsequently used by
Bakun-Mazor et al. (2013) for assessing the possibility of
block displacements at the rock slopes of Masada (Israel).
The model is based on an assumption of rock fragments
fallen in an open crack of average aperture Ly, simplified
into a wedge block in the conceptual model. The sliding
block dimensions are Ly (length) and H (height). Pasten
assumes the rock block is a homogenous body subjected to
a temperature change from T in the center to a new bound-
ary temperature T;. The time required for the temperature to
equalize in the entire rock block t* is defined as t* =
Lg?/Dr, where L is the sliding block length and Dr is the
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Fig. 3 Scheme of the
dilatometric device VLAPO4, PC1
with the detail of the testing \/\
configuration and thermocouple LVDT transducer Load cell
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Fig. 4 Records of the temperature measurements at the model surface,
center and chamber temperature during the test

thermal diffusivity of the rock, which is proportional to the
rock thermal conductivity (A), and inversely proportional to
its mass density (p) and specific heat capacity (Cp). Follow-
ing Pasten (2013), the depth of penetration of the heating

skin depth” (S4), may be estimated as

Sa~L/2 for tep, >2L*/Dr, (1)
where t.,, is the exposure time, which is in the case of
physical models longer than the homogenization time
required to equalize the temperature inside the rock block,
as documented in Fig. 4.

Pasten (2013) further suggests three displacement compo-
nents that are involved in the thermal expansion process: the
thermal expansion (8t), the elastic compression of the rock
material (85), and the elastic shear response along the sliding
interface (5;). The unconstrained seasonal thermal expansion
(87) of both sides of the tension crack as well as the wedge
fragments inside the tension crack may be expressed by

dr=a-AT-(L,+&-Lg+B-Sq) (2)
where a is the thermal linear expansion coefficient of the
rock material, AT is the seasonal temperature change, and f
is a coefficient accounting for non-uniform diffusive temper-
ature distribution inside the sliding block and the rock mass
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with values ranging from O to 1. The coefficient § is only
introduced when the skin depth S, is smaller than the half-
length of the rock block. The dimensionless coefficient
£ < 1.0 accounts for the free thermal expansion of the
right portion of the block that does not contribute to
constraining the system thermal expansion.

During block heating, an elastic force develops, acting
along the crack and leading to the block displacement.
The maximum force per unit length parallel to the base
Fax [N/m] that the block frictional resistance can sustain is

1
Frax = yLg - (H — ELB tann) - (tangcosn — siny) (3)

where y is the unit weight of the rock (y = p.g), ¢ is the
friction angle of the sliding plane, and 1) is the inclination of
the sliding plane.

The resulting elastic displacement (d,) generated in the
block and wedge due to the action of F,y is

Fmax'cosﬂ LB
Og =—7—— | LW+ —
H-E +2

(4)
where E is the modulus of elasticity of the rock material.
The final component for the calculation of plastic dis-
placement (8p) is the joint elastic displacement (5;)
_ 1 Fiax

5 = —
Tk Lp

- cosy

(5)

The term k; is the shear stiffness coefficient for the sliding
surface. Knowing these components, one can determine the
plastic displacement generated by an annual temperature
cycle as follows

8, =06r—6,—08; for (6y—5,—8)>0 else 5,=0 (6)

In order to calculate the plastic displacement, an
estimation of joint shear stiffness was carried out using
several tests conducted on a micro shear frame custom
made for the purpose of testing shear resistance of the
sawn model surface under low normal stress. The linear
expansion coefficient was determined in the dilatometer
VLAPO4 and the resulting value is shown in Table 2,
together with the result of the tilting test focused on
measuring the joint friction of the saw-cut shear surface
of the sliding block.

The maximum temperature that the system can sustain
without plastic displacement is calculated from

Finas E L, Lg
(7)

ATmax =

1,50x10°

R94

1,25x10?
[l Analytical models based on Pasten's solution ‘

@ Physical models

= 1,00x102 o

7,50x107

5,00x10° 7
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Fig. 5 Comparison of plastic displacements of sandstone blocks
measured on physical models and calculated based on the analytical
conceptual model of Pasten (2013)

which for typical field conditions can be simplified to

H Tr
d(texp) i

1 L, .
AT max = P (1 +L_}7> (u - cosn— siny)

where length subjected to expansion d(z,,,) is a function of
the exposure time for the physical models equals to

d(texp):Lw+5'LB+ﬂ‘SD (9)

Comparison of Results to Analytical Model

Calculated values of the plastic displacement of the sliding
sandstone block for nine models with different wedge-block
ratios are presented in a graph shown in Fig. 5. For all the
model scenarios the measured displacements by the LVDT
sensors on equivalent wedge-block ratios obtained from
physical models are presented on the same figure.

By comparing the result it might be concluded that
displacements curves for both analytical and physical
models have a similar tendency, despite some differences
in the amplitude of displacements. More importantly, the
existence of the wedging mechanism in rock blocks has been
confirmed. As for the maximum temperature change the
system can sustain (Fig. 6) without observing plastic dis-
placement, it can be noted, that the values of AT, for
analytical prediction and physical models were very similar
for the model with smaller wedges, while with the increase
of the wedge size (Lg) the AT, values decreased for the
physical models.
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Fig. 6 Comparison of maximum temperature change the model can
withstand without plastic deformation of sandstone blocks measured on
physical models and calculated based on analytical conceptual model
of Pasten (2013)

This decrease is possibly attributable to a non-linear trend
of shear-stiffness coefficient kj. This coefficient was
estimated from tests with R21 (a large sliding block and
thus a smaller wedge).

Conclusions

A set of physical models was prepared to study thermal
wedging mechanism in a thermal dilatometer, where the
displacements were measured using LVDT sensors for
blocks with different block/wedge ratios, while changing
the temperature in a controlled manner. Nine physical
models of sandstone blocks were tested for an annual
temperature change of AT = 35 °C while measuring the
permanent displacements of a block, in order to confirm
the existence of this type of failure mechanism. Further, a
series of cyclic tests were performed on all 9 physical
models in order to determine the threshold temperature
change AT, .x at which the plastic deformation occurs for
different block/wedge ratios.

The results confirmed the existence of plastic defor-
mation resulting from a cyclic wedging mechanism for a
block/wedge ratio 0.5 and total model size of 50 mm,
reaching permanent displacement of 4.23 x 10> mm for
a block resting on an inclined plane with slope of 7°. For
the same conditions, a temperature change which causes a
permanent displacement of the block by the wedging
mechanism was found to be as low as 6 °C for a wedge/
block ratio 0.94. The results of the physical model sup-
port the proposed analytical solution by Pasten (2013)
and measurements of Bakun-Mazor et al. (2013) at the
Masada site in Israel.
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Shallow Modes of Slope Failure in Road Earth
Cuttings in Sri Lanka

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

Abstract

Road associated failures in Sri Lankan landslides that have been investigated to date were
highly dependent on geological setting of the cut slope. Numbers of cut slopes and their
failure modes were studied in order to understand the influence of factors: slope height and
angle, bed rock geology, seepage, overburden geology and geometry of the cut slope on the
slope failure. Shallow failure mode (height of failed mass less than 4 m) is a very common
feature in these cut slopes when exposed to intense rainfall due to extensive saturation.
Slope stability can be evaluated with the use of geometry, shear strength characteristics and
geological setting. Importance of geological setting and characteristics of failure modes
must be considered when designing structural measures to improve the stability. An
understanding of combined effect of geomorphology and overburden geology, which sets
stability of a road cutting, is an essential parameter and helps in understanding sliding
potential of the immediate upper slope. This study emphasises importance of geological
setting, which determines the characteristics of failure modes when designing structural
measures to improve the stability. Combined effect of geomorphology and overburden
geology, which sets stability of a road cutting, is an essential parameter for designing of
remedial measures by reducing sliding potential of the immediate upper slope.

Keywords
Morphology « Geology « Shallow sliding mode « Infinite slope s Factor of safety

Introduction

In ancient times, almost total hill country regions
consisted of virgin forests with indications of slope stability.

Sri Lanka has a tropical climate and the mean annual rainfall
varies throughout the island with the wet zone receiving over
2,500 mm (maximum of 5,500 mm in Watawala), while the
intermediate zone receiving between 1,750 and 2,500 mm
and the dry zone receiving less than 1,750 mm of rainfall in a
year. A distinct dry season is existent in the dry zone from
May to September (Jayasena et al. 2007).
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With the increase of population and developments, hill
slopes of the upcountry of the Sri Lanka have been occupied
for settlements and this activity rapidly increased after the
British era. An effort was made to avoid soil slopes and use
somewhat denser formations (meta-sedimentary rocks) in
eroded slopes for the infrastructure developments (Fig. 1).
Good road location can often avoid landslide areas and
reduce slope failures. Further, it is necessary not to create
instability when cuts are made. It is reasonable to update and
define failures in road earth cutting as shown in Table 1.
Other than overburden soil conditions and morphology,
road based earth cutting failures are influenced considerably
by underlying bedrock conditions (geology, genesis, dip,
rock orientation, degree of weathering, inter-planer material)
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Fig. 1 Construction of Colombo—Kandy Railway in Sri Lanka
during, British era 1796-1948 (Source: http://lankapura.com)

and environmental conditions. General physical setting of
road section and surrounding factors of importance in the
environment are shown in Figs. 2 and 3 below.

Geology and Topography of Hill Country,
Sri Lanka

The topography of the island shows three distinguished
geographical peneplains named as “Up-country” with an
average elevation above 900 m, “Mid-country” with an
elevation of 300-900 m and “Low-country” below 300 m
in elevation (Cooray 1984). Mid and high peneplains are
made of landforms such as mountains, escarpments, valleys,
hills and ridges (Panabokke 1996). Precambrian crystalline
hard rock is spread over 90 % of the land area in Sri Lanka.
The rest is covered by Jurassic, Miocene, Holocene
sedimentary formation and very few igneous rocks (Cooray
1984).

These Precambrian rocks which metamorphose under
granulite facies and amphibolite facies are sub divided in
to three groups based on the lithology, structures and age of
the rocks. They are Highland complex (HC), Vijayan
complex (VC) and Wanni complex (WC) with the
Kadugannawa complex as a subordinate unit (Cooray
1984). The Highland complex rocks comprises mainly of
granulite grade charnockitic rocks, and meta-sediments. The
Highland Complex is bound on the east by the amphibolite

Table 1 Defining road associated types of failures

Type of material in fall, flow or deposited

Type of movement Bed rock

Fall Rock fall

Rotational slides

Translational slides Rock block slide
Rock slide

Complex Composite failures in rock and soil etc.

grade Vijayan Complex. The Wanni Complex consists
mainly of granitic gneisses, charnockitic gneisses, and
migmatites, and the metamorphic grade ranges from
amphibolite to granulite (Mathavan et al. 1999).

Slope failures typically occur: where a slope is very steep,
where cuts in natural soils encounter more saturation,
groundwater or zones of weak material. Geology plays
major role in stability of an earth cut, especially in different
soil—rock stratification patterns set at sites, as shown in
Fig. 4.

Common Modes of Slope Failures

The road associated soil and rock slope failure mechanisms
can be classified as (1) soil and rock slump, rotational slides
in homogeneous clayey soil, (2) translational slides and slip
along plane of weakness and (3) complex form due to
geological setting (rock—soil). Driving force is the
component of soil weight and the resisting force is the soil
strength acting in the opposite direction. Slope failure occurs
when driving force exceed the resisting force. Factor of
safety (FS) is defined as the ratio of resisting forces (or
moments) to the driving forces (or moments). If FS < 1,
the slope will fail, if FS > 1, the slope is theoretically stable.
The minimum FS requirement for the design of slope is
between 1.3 and 1.5 (Geotechnical manual for slopes,
Hong Kong 1997).

Circular Soil Slumps and Soil Falling Mode

In principle-, circular mode of failure is very difficult to
distinguish in natural soil slopes, but geometry of relatively
small landslides show this in circular pattern. This is usually
observed in homogeneous residual form of soils as shown in
the Figs. 5, 6,7, 8 and 9.

A series of statistical interpretations were performed
from the direct field data of earth cutting behaviour
which is associated with various geological conditions at
site. The falling of soil or soil slump mode are very
common features if height of slope exceeds 3.4 m as
indicated in Fig. 10.

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

Earth fall—immediate after the cut
Earth slump—residual soil

Earth slide

Composit landslide

Composite failures in soils

Debris fall during rain
Debries slump- Colluvium
Debries slide -

Slump and earth flow
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Fig. 2 Road based morphological patterns, land use and different
modes of failures

Infinite Slope Failure Mode

Infinite slope failure is significant in dip slope with highly
foliated, jointed and stratified rocks as shown in Figs. 11 and
12. Detachment of passive wedge, removal of earth cover and
exposure of foliated rock to temperature has triggered slope
failures. That means, negligence of geological detachments
along interfaces, and inability to accommodate appropriate
design requirements adversely affect the stability of these
slopes. Therefore, it is important to consider outcrops, shear
veins, quartz veins, secondary graphite and other indicators of
brittleness in the weathered rock outcrops during the design of
cut slopes. Above geometrical similarities and rock slope
infinite modes of failures were observed in field as shown in
Figs. 11 and 12.

It is well known that rocks may undergo degradation
when they are exposed to atmospheric weathering and/or
hydrothermal fluid transition through foliated joints, and

other rock joints during saturation. It is also noted that, top
surface foliated faces tend to initiate hairline opening of
joints during construction of road cut sections, and finally
those slopes will subject to wetting and drying over a
period of time. The infinite slope failures may create
unexpected failure patterns even at 0.8—1.2 m open cut
section as shown in the field (Fig. 12). In deterministic
approach; interface friction of foliated layers, joint density
and effect of seepage pressures are important for the
evaluation of FS. In such situations, minimum FS for the
design of slope section is considered to be FS > 1.5
(Geotechnical manual for slopes, Hong Kong 1997). In
addition to it, if the evaluation is considered under seismic
acceleration, minimum FS should be greater than 1.2.
When using the infinite slope method, if the FS is near
or below 1.0-1.15, severe erosion or shallow slumping is
likely. However, vegetation on the slope can help to
reduce this problem because roots add cohesion to the
surficial soil which improves stability.

The rock slope failures are statistically represented in
Fig. 13. Typically, if the slope height exceeds 5 m, rock
slope failures are highly significant. In addition, the infi-
nite slope failures are significant in dip slopes even at
the cutting height exceeds 0.8 m as indicated in Figs. 12
and 13.

Composite Mode of Slope Failure

Composite failure allows the failure surface to intersect the
subsoil and then to follow the rock interface. Stability is
critical, if the slope is geologically unsuitable either due to
soil overlaying under-dipping rock slopes or a saturated
layer at the interface which can form a composite failure as
shown in Fig. 14.

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

parameters and land use during road widening works
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Parallel Pattern Over dip Pattern

Fig. 4 Surface slope and stratification patterns of soil and rock
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Fig. 5 Typical pattern of the circular soil slump and circular failure modes in soil and weathered rock faces
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Weathering transforms hard rocks into soft rocks, which
maintains structure of the parent rock, but the weathering
increases void ratio and reduces material strength. The
physical and chemical weathering impacts can be a predom-
inant fact in controlling the modes of soil failure at the
interfaces.

Stable Rock Slopes in Weathered Rock

It is interesting to note that number of earth cuts that were
observed along roads have fully resistant to weathering even
under severe weathering conditions prevailed in recent past
as presented in Figs. 15 and 16.

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

Fig. 8 Some typical examples of unsupported soil slump failures in residual soil exposed to surface saturation during rain
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Fig. 9 An observation of relatively circular modes of failure in collu-
vium formation
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Fig. 10 Statistical representation of the soil failure of the non-
engineered construction of earth cut sections
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Fig. 12 Field example of failure of cut slopes in a foliated rock due to
lack of passive support
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Fig. 16 Highly foliated under dip conditions at cutting with long term
standstill section at tropical weather conditions

slopes with a 2—-6 m wide wet strip along the road beneath
the slope surface, and, in general, the circular sliding
mode occurs in slopes with strong groundwater influence
within the uniform residual soil strata. For the shallow
sliding mode, the safety factor could be smaller, if the
slope height is more than 3.4 m.

A hypothesis suggests that besides the secondary
failure such as debris flow in the erosion trenches, there
are two major failure modes significant in those slopes,
i.e., shallow planer failure in the rock-soil formation and
circular sliding in residual soil slopes. By conducting
Fig. 15 Typical field showing completely weathered rock cutting, the above mentioned assessment, the authors make the

which remains as stable even after subjected to periodic wetting and following conclusions, as presented in Table 2.
drying in last 20-30 years ’

After some review of the data, and the overall
objective, following observation were made: significant
cohesion values were detected only in soils with some-
what higher densities, and average friction angles in
completely weathered rocks. A review of the data found
that these were noted in slopes with clayey soils.

The study of relationship between safe heights,
geology, geometry and land use are important in
designing safe cut slope section in residual form soil
regions under tropical weather conditions. It is noted
that, limited field observations on shear strength, pore
water pressure and their correlations with the above
modes of failures need to be studied further in order to
draw a scientific explanations to the design of engineering
slopes in roads.

Conclusion

It appears that, in above cases, a prominent pattern of
failure can be noticed along a road trace if the tropical
weather conditions prevail at site. Under such
circumstances, the minimum factor of safety was
observed in the composite failure mode, involving a
circular failure that intersects softer soils resulting in a
slip surface in the lower portion of the cut. This
evaluation has implied that a second set of parameters
deemed necessary for sub-soils on the upper, and steeper,
slope areas. The shallow sliding mode is very common in
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Table 2 Sensitivity of open cuttings in roads

Shallow modes of failure Description

Circular failures, soil slumps and soil
falling mode

Infinite slope failure mode
Composite mode of slope failure

Long-term stable slope in weathered rock
slopes only
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Discussion on the Method of Intact Loess
Humidification Considering Water Content
Uniformity

Kai He and Bin Li

Abstract

Soil mass strength has a direct correlation with soil mass water content. The shearing test
for soil under different water contents is the most important method of analyzing landslide
(sliding belt) soil mass strength. According to the humidification requirements on the intact
loess for indoor test, we should pay attention to the uniformity of humidification for the
intact loess. Through comparative studies on three humidification methods, it is considered
that when the same loess samples have reached the same preset humidity, the loess sample
with the pre-wetting method for 24 h can reach the uniform water distribution; the loess
sample using the burying method can reach to the uniform water distribution after 10 days
and the loess sample using the steaming method can reach the uniform water distribution
after 8 h. The burying method can get the large water content range for humidification and
saturated loess samples can be obtained through humidification, whereas the saturated loess

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

Keywords

Water content » Humidification method « Pre-wetting method « Burying method « Steaming

method

Introduction

Loess landslide is one of the most common geo-hazards in
the Northwest of China and the landslide disaster has
become a major hazard for human settlements and urban
construction. The triggers of loess landslide is the decrease
in the strength of soil mass in the slope. The strength of the
soil mass is closely related to its water content: when the
water content in the slope reaches a certain value, the pore
pressure in the loess is sharply increases and the shearing
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strength significantly decreases (Miao et al. 1999), thereby
causing landslides.

The loess in China is mostly distributed in arid or semi-
arid regions. In general, shallow layer loess is in the unsatu-
rated state. The unsaturated loess has high strength and low
compressibility when its water content is low, but its
strength is greatly decreased and its compressibility is evi-
dently increased when it has high water content. For loess
slopes, precipitation, irrigation, temperature changes will
cause changes in the water content of the unsaturated loess,
which leads to changes in the strength of loess and thereby
causing the landslide disasters (Chen 1997; Chen 1999;
Chen et al. 2006; Li et al. 2012; Xiong and Hu 2007; Yin
et al. 2004). Therefore, when analysing the stability of loess
landslide, physical and mechanical parameters of intact loess
at different water ratios should be obtained by tests (Li and
Miao 2006; Xie 2001; Zhang and Li 2011). As controlled by
sampling conditions or test requirements, humidification
processing is often carried out for the intact loess samples
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Table 1 Pre-wetting method water content uniformity test

Initial dry  Dry density Average water

density after humidification  content after

(g- cm ) (g- cm ) humidification (%)  Soil surface
1.28 1.28 21.2 21.4

1.27 1.27 21.3 21.4

1.29 1.29 21.3 21.5

1.28 1.28 21.6 21.8

Table 2 Burying method for water content uniformity test

Water content (%)
Soil surface

17.1

20.6

31.1

30.2

17.3

28.0

29.8

314

Test sample
Cutting ring test sample

Triaxial test sample

during testing in order to get loess samples with different
water contents. For the special structure of the loess, how to
change the water content in the intact loess samples uni-
formly without changing the structure of soil is the key to
carry out pretreatment under the precondition. By
introducing a contrastive analysis method on the prevailing
humidification methods, it is hoped that it will be helpful for
selecting the humidification method so that the physical and
mechanical parameters of the intact soil mass can be better
obtained during the follow-up tests.

Contrastive Study on Humidification Tests
Pre-wetting Method

The pre-wetting method is a widely used humidification
method for testing. Firstly, we drip water on the surface of
the loess samples directly, and then put the loess samples
into the humidifier to stand still and let the water dropped on
the surface of the soil layer penetrate into the soil mass to
obtain an uniform water content.

Taking a triaxial shear test sample, as an example, the
author used the pre-wetting method to carry out
humidification for the intact loess samples. We dry the
triaxial test samples, and drip water from upper and lower
ends as well as sides using a dropper. After humidification,
we let the samples stand still in the humidifier for 24 h to

Water content (%)

Differential water

In the soil  The lower part  The upper part  content (%)
20.6 21.3 21.6 1.0
20.9 21.4 21.7 0.8
20.8 21.4 21.7 0.9
21.2 21.8 21.7 0.6
In the soil Differential water content (%)
16.1 1.0
20.4 0.2
30.3 0.8
29.7 0.5
16.8 0.5
28.0 0.0
29.5 0.3
31.3 0.1

make the water distributed uniformly (Table 1). According
to the soil test regulations (China Code for standard for soil
test method 1999), this humidification method can meet the
requirement of uniform water distribution in the test
samples. However, as the triaxial test samples have large
volumes, a large quantity of dripping water is needed. To
prevent damaging the soil structure for excessive water, we
select different positions for dripping and circulating for a
certain time interval when dripping.

Burying Method

The burying method was rarely used in previous experimen-
tal studies. The specific approach is to bury the loess samples
into the soil with basically the same target water content.
Under the diffusion, it makes the loess samples reaching to
the target water content. This is a humidification method
under the natural conditions. This method realizes the
humidification only through water migration using the
humidification process under the natural state but without
changing the structure of the loess samples during the
humidification process.

To simplify the test operation, the authors attempted to
make the following improvement: wrap the loess samples
with filter paper and bury them into the sawdust with proper
water content for humidification. We buried the intact loess
samples with initial water content of 13.9 %, in-situ void
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The maximum water content
difference for intact samples
between two layers is 2.8%
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The number of test samples

Fig. 1 Water content difference between samples in upper and lower
layer

ratio of 0.895, specific gravity of soil particles of 2.69 into
two layers of sawdust with the same water contents with a
vertical elevation difference of 15 cm between the upper
layer and the low layer. We measured water contents from
the surface of the test samples and the soil core respectively
after the samples are buried and carried out water content
comparison for the upper layer and the lower layer soil
samples (Table 2). The results indicate that the uniformity
of water contents in the two layers of loess samples meet the
requirement, however, because the samples are buried for a
long period, under the gravity, water is transferred, resulting
in dry sawdust in the upper layer and humid sawdust in the
lower layer in the humidifier. The water content of the loess
samples buried in the upper layer is less than that in the
lower layer. The maximum water content difference for
samples in two layers is 2.8 % (Fig. 1), which is beyond
the regulation requirement (China Code for standard for soil
test method 1999). As a result, two layers of loess samples
cannot be used for carrying out experiment as the test

samples with the same water content. Therefore, it is
required that the loess samples should be buried in the
same level height for the burying humidification method to
ensure that each loess sample have the same water content.
During the burying method tests, the maximum water con-
tent of the triaxial test samples is 32.9 % and the saturation is
96.5 %. Therefore, the burying method can humidify the
intact loess samples into the saturated state.

Steaming Method

The steam humidification method is a new method that was
suggested in recent years but it is rarely used at present. The
basic idea of the steam humidification method is to carry out
even pre-wetting through the uniformity of the steam. We
cut the loess samples first, carry out steam humidification,
and then use preservative film to wrap the loess samples after
humidification and put them into the humidifier to stand still
until the water content inside the loess samples is uniformly
distributed.

In case there is no special equipment such as the steam
tank, the steam can also be provided by a pressure cooker.
When testing, we put the loess samples into a pressure
cooker and open the pressure valve of the pressure cooker
to make the vapour in a non-pressure state (with respect to
atmosphere). The length of time for providing the steam has
no major impact on the effect of humidification, as it gener-
ally takes 10 min. After humidification the samples are set
on standing for 8 h to ensure that the water ratio is evenly
distributed in the loess samples (Wang et al. 2010).

Taking the 10 min non-pressure humidification as an
example (Table 3), the test results indicate that when carry-
ing out humidification for the unsaturated loess using the
non-pressure steam the humidification rate is about 20 % of
the initial water content and there is almost no change in dry
density before and after loess sample humidification (Wang
et al. 2010), therefore the non-pressure state humidification
does not have impact on the soil structure.

Table 3 Steam humidification method effect test (according to Wang et al. 2010)

Water content

(%)
Initial dry Dry density after

Initial water ~ density humidification Soil
content (%) (g-cm_3) (g-cm_3) surface
14.5 1.25 1.25 17.3
15.0 1.25 1.25 17.7
214 1.35 1.34 25.6
21.6 1.34 1.34 25.7
259 1.28 1.28 31.9
25.8 1.28 1.29 31.6

In Differential Increased

the water content Average water content water content
soil (%) after humidification (%) (%)

171 02 17.2 2.7

175 0.2 17.6 2.6

252 03 25.4 4.0

252 05 25.5 3.9

314 05 31.7 5.8

312 04 314 5.6
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Conclusions

1. For using the same test samples to achieve the same

pre-set humidity, setting the loess samples on standing
for 24 h for the pre-wetting method can make the water
distributed uniformly in the samples, while setting the
loess samples on standing for 10 days in the burying
method can make water distributed uniformly. Like-
wise, setting the loess samples on standing for 8 h
using the steaming method can make water distributed
uniformly in the samples.

. The idea of the pre-wetting method is simple, but it

requires repeated dripping for humidification, and a
frequent manual operation.

. The burying method can carry out humidification for a

large range of water contents. The saturated soil
samples can be obtained by humidification but not
using the pre-wetting method and the steaming
method. However burying method requires longer
time for water to be distributed uniformly and in-situ
humidification. It also requires that the loess samples
with the same water content be buried in the same
level/height.

. The operation of the steam humidification method is

the most simple and convenient, it requires the shortest
time for humidification but the volume of loess
samples for humidification is limited. It is fitting for
cutting ring test samples but not for loess samples with
large volume. When the target water content is large,
steam should be used repeatedly for humidification.
When carrying out the tests, we select an appropri-
ate humidification method according to the type of test

samples, requirements on the humidification speed as
well as the specific test conditions.
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Undrained Shear-Strength Variation of Salt-Rich
Clay: Implications for Fast-Moving Clay Landslides

Lei He, Bao-ping Wen, and Xiu-juan Xu

Abstract

It is well recognized that the shear strength of salt-rich clay is reduced after leaching and
under drained conditions, as commonly occurs in reactivated landslides or in slow-moving
landslides of such clay. This is due to loss of the physical and/or chemical bonds provided
by the salt, demonstrating the physic-chemical effect of pore water on the shear strength of
the clay. However, is there a similar effect when such clay is subjected to undrained
conditions after leaching, as in fast-moving landslides in the clay following rainstorms or
irrigation? To gain better understanding of the mechanisms of fast-moving landslides of
salt-rich clay, the shear strength of a salt-rich clay under undrained conditions was
investigated after being leached repeatedly. The clay was weathered mudstone from
Heifangtai, Gansu, China. Test results showed that the clay’s undrained shear strength
was remarkably reduced after leaching, mainly through water-soil physical-chemical
interactions. The effective friction angle and cohesion of the clay may be reduced due to
loss of the bonding salts, similar to the variation of its strength parameter under drained
conditions. In addition, higher pore water pressure could build up during shearing due to an
increase in the clay fraction caused by disaggregation of silt-size particles, leading to a
decrease in effective normal stress and then shear strength.

Keywords
Salt-rich clay » Salt-leaching « Shear strength « Pore water pressure « Water-soil physical-
chemical interactions « Disaggregation

Introduction rainfall. Leaching salt from the clay should greatly reduce

the clay’s shear strength under drained conditions, especially

The shear strength of clay is one of the key parameters for
evaluating slope stability or landslides, and it is affected by
both the composition of the soil skeleton and its interactions
with pore water. In arid or semi-arid or coastal areas, clays
normally contains significant amount of soluble salts, and
the salts could be leached by flood irrigation or long-term
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the clay’s residual shear strength (e.g., Moore 1991; Tiwari
et al. 2005; Wen and He 2012). Moore (1991), Tiwari et al.
(2005), and Wen and He (2012) attributed this phenomenon
to loss of physical or chemical bonds or both provided by the
salt, namely a physical-chemical effect, and thought that
this explained the reactivation mechanism of some salt-rich
clay landslides.

However, when the soluble salts are leached and the clay
is subjected to undrained conditions, as in fast-moving clay
landslides following a rainstorm or irrigation, does the
physical-chemical effect of pore water still influence the
shear strength of the clay, apart from pore water pressure?

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 63
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Table 1 Chemical compositions of the clay, groundwater and the Yellow River water

Ton type Clay (mg/100 g)
K* 6.18

Na* 201.95

Ca** 14.57

Mg?* 2.46

cl 192.41

NO;~ 0

S0, 70.33

HCO;~ 180.1

Total 668.86

Table 2 Physical properties of the clay

Particle size fraction (mm, %)

Particle density (KN/m?>) Clay (<0.002)

27.7 37 63
Table 3 Mineralogical compositions of the clay

Whole soil (%)

Quartz Plagioclase feldspar Calcite Dolomite
27 5 16 3

Note: 1/S Inter layered illite/smectite, K kaolinite, C Chlorite

This paper aims at better understanding the mechanisms of
fast moving landslides of salt-rich clay. The shear strength of
a salt-rich clay under undrained conditions was investigated
after the clay was leached a number of times, and the effect of
pore water was analyzed in terms of both pore-water pressure
and water-soil physical-chemical interactions.

Samples and Methods
Samples

The salt-rich clay used in this study was collected from
highly weathered Cretaceous red mudstone close to the
Huangci Landslide at Heifangtai, Yongjing county of
Gansu. At the sampling site, the weathered Cretaceous red
mudstone appeared to be a loose, very wet and soft red clay.
The Huangci landslide was a large, fast-moving landslide
with a volume of 6 x 10° m>. It occurred following irriga-
tion in January 30, 1995, with a sliding distance of 40 m in
90 min. Extensive investigation has proved that the landslide
developed along bedding planes of the weathered Creta-
ceous mudstone and that reduction of shear strength in the
slip surface induced by irrigation was one of the primary
factors leading to the sliding. A salt deposit could be
observed at the toe of the landslide, indicating that desalina-
tion of the slip zone occurs along with irrigation.

The soluble salts within the clay and groundwater in
Huangci Landslide and the nearby Yellow River water
which was used for irrigation are presented in Table 1. The

Silt (0.002-0.075)

Groundwater (mg/L) Yellow River water (mg/L)

37.63 1.1
8,827 26.36
562.4 67.93
1,090 18.78
9,560 18

847 2.94
10,591.6 52.48
5.21 271.72
31,520.84 459.31

Liquid limit (%) Plastic limit (%) Plasticity index
33 16 17
Clay portion (%)
Hematite Clay in total 1/S 1 K C
4 46 50 32 9 9

salt content in the sample was determined following Chinese
National Standards CNS GB/T50123-1999 (Standardization
Administration of China et al. 1999). Nearly 0.7 % of the
sample was composed of soluble salts, with NaCl as the most
common, forming up to 47.4 %. A high salinity of 31.5 g/LL
was found in the ground water, with an abundance of Na*,
Cl—, and SO427. In contrast, the Yellow River water has a
salinity of only 0.5 g/L.

Basic physical properties of the clay are presented in
Table 2. The grain size distribution and Atterberg limits of
the sample were obtained in compliance with CNS GB/
T50123-1999. Results showed that the sample was 37 %
clay and 63 % silt. The liquid limit and plasticity indices
were 33 and 17. X-ray diffraction analysis showed that the
sample had primary massive minerals of quartz and calcite,
and primary clay minerals of interlayered illite/smectite and
illite with a minor amount of kaolinite and chlorite (Table 3).

Since the clay is very loose and soft, it was very difficult
to collect enough good quality undisturbed soil in the field.
Remolded samples were used in the study. To simulate
various degrees of salt leaching of the clay, the soil saturated
with groundwater was used to represent an unleached clay
sample in the field, i.e., the “natural condition”. Salt leaching
was carried out by leaching the sample with deionized water
for different numbers of times, which is similar to the
conditions when irrigation water has infiltrated into the
clay several times. In this study, deionized water substituted
for irrigation water (Yellow River water has an extremely
low salinity, Table 1). Therefore, five groups of samples
were used: samples saturated with groundwater, with
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Table 4 Tonic concentrations of the pore fluids and the remaining soluble salts

Ion concentration (mg/L) in pore fluid

Sample K* Na* Ca’* Mg>* Cl™
S

Sp

Sio 2.6 159.0 4.0 0.8 135.0
Si4 2.4 91.9 2.5 0.8 8.6
Sis 1.5 46.2 2.2 0.6 1.2

deionized water, and those leached 2 times, 4 times and 6
times, which were labeled as Sg, Sp, S;.,, S14 and Sie.

The leached samples were prepared following Tiwari
et al. (2005) and Wen and He (2012). Chemical analyses
for post-leaching fluid and the remaining salt within the soil
sample are presented in Table 4. Soluble salts within the
“natural condition” sample from both the groundwater and
dry soil samples was 12.36 mg/g. During the leaching pro-
cess, soluble salts were dissolved and leached away, and
Na*, CI™~ and SO,>~ were the main type of ion compositions,
consistent with the chemical composition in the soil mass
(Table 1). The sample saturated with deionized water
contained 54 % of the soluble salts in the “natural condi-
tion”. After leaching 2, 4 and 6 times, 35, 24 and 17 % of
salts remained within the sample respectively. After
leaching, the obtained slurry was air-dried and powdered
for triaxial specimen preparation.

Testing Method and Specimen Preparation

A triaxial consolidated undrained (CD) test was adopted to
determine the sample’s shear strength. The triaxial specimens
were prepared following British Standard Institution (BSI) BS
1377-8 (British Standard Institution 1990). The soil powder
was thoroughly mixed with groundwater and deionized water
to a water content of 5 % and stored in a sealed container for at
least 24 h. The specimens were prepared by compacting the
humid soil in six layers to an initial length of 76 mm, a
diameter of 38 mm and a desired dry density of 1.76 g/cm®,
which was obtained from an undisturbed sample. A vacuum
saturation method was used to saturate the specimens. The
pore pressure parameter B in all the specimens reached more
than 95 %, indicating adequate saturation.

In the consolidation stage, filter-paper strips are used to
decrease the time required for consolidation, as suggested by
BSI BS 1377-8. At least 95 % of pore pressure was dissi-
pated. For each group of samples, four specimens were
consolidated at four confining pressures to define strength
envelopes, which were 100, 200, 300, and 400 kPa.

The rate of axial strain was estimated as 0.036 mm/min
based on the 100 % consolidation time according to BSI BS
1377-8. At this deformation speed, the pore pressure could be
equalized throughout the specimen at failure. And each spec-
imen was compressed to the maximum axial strain of 25 %.

Soluble salts in soil

S0, HCO;~ Remaining (mg/g) % of remaining
12.36 100
6.69 54
85.5 125.0 433 35
9.2 237.0 2.96 24
14 131.0 2.09 17
Results

Shear Behavior

For the measured deviator stress, correction for filter-paper
strips and rubber membranes were applied in accordance
with BSI BS 1377-8. Figure 1 illustrates variation of the
deviator stress, pore pressure and the effective principal
stress ratio ¢’ /o3’ with the axial strain of different specimens
when the confining stress was 400 kPa. It could be seen that:
(1) all samples did not show a distinct peak deviator stress or
post-peak softening behavior, (2) the built-up pore pressure
first rose then decreased as shearing proceeded, with the
peak value occurring at an axial strain of 6-10 %, and (3)
the effective principal stress ratio o;'/o3’ presented a weak
post-peak decrease, with the peak value at an axial strain of
11-14 %. It should be stressed that the specimens under
confining stresses of 100, 200 and 300 kPa also presented
similar shear behaviors to those under 400 kPa.

Under the same confining stress, Sg had the highest
deviator stress, which was gradually reduced in the speci-
mens in the order of Sp, Sy 5, Sy 4 and S; ¢ (Fig. 1a), and also
in the order of loss of soluble salts. Moreover, the value of
c;'/c3' was also highest in Sg and gradually decreased in Sp,
S12, Sp4 and Sy 6 (Fig. 1c). However, the excess pore water
pressure seemed to become greater as more soluble salts
were lost (Fig. 1b).

Variation of Deviator Stress and Pore Water
Pressure at Failure with Soil Salinity

As no peak deviator stress could be located in the stress—
strain curves, the failure was defined by the maximum effec-
tive principal stress ratio, as suggested in BSI BS 1377-8.
The deviator stress and pore water pressure at failure were
plotted with the percentage of salts remaining within the
clay, as in Fig. 2.

At four levels of confining stress, the deviator stress
of the sample at failure significantly decreased as the
soluble salts reduced (Fig. 2a). The decrement of deviator
stress was 7-10 % in Sp, compared with Sg, which
were 19-21, 27-30 and 31-33 % in Sp, Si4 and Sig
respectively.
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Fig. 1 Undrained triaxial test on specimens (a) deviator stress (b) pore
water pressure (c) effective principal stress ratio ¢;'/o;" against axial
strain

The pore water pressure at failure seems slightly
increased with decreased soil salinity (Fig. 2b). An incre-
ment of 1-9 % in pore pressure between Sg and Sp was
observed, which were 3—10, 4-16 and 6-18 % in S,,, S; 4 and
Sy respectively compared with Sg.

Effective Shear Strength Parameters

The effective shear strength parameters, effective friction
angle (¢') and effective cohesion (¢’) of the sample were
determined by Mobhr stress circles based on effective stresses
at failure. The effective strength envelopes are presented in
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Fig. 3, and the estimated effective shear strength parameters
are summarized in Table 5 and plotted with the percentage
of remaining salts in Fig. 4.

Sample Sg presented the highest value of ¢', 31°. Sp, gave
29.7°, which was 4 % reduced from Sg. Then with leaching
process repeated and the remaining salts within the sample
reduced, the value of ¢’ continuously decreased, by 11 % in
Si2, 15 % and 17 % in Sy 4 and Sy ¢ respectively, compared
with the natural condition. In Fig. 4a, the value of ¢’
decreased almost linearly as the soluble salts content was
reduced from 54 to 24 %.
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Table 5 Effective strength parameters of the samples

Sample @ () ¢ (kPa)
Sg 31.0 12.3
Sp 29.7 11.8
Si, 27.6 11.3
Sia 26.3 10.6
Ste 25.7 10.4
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Fig. 4 Variation in effective strength parameters ¢’ (a) and ¢’ (b) with
percentage of remaining salts within the clay

The effective cohesion ¢’ also tended to decrease in the
order of soluble salts reduction (Fig. 4b). The reduction was
4,8, 14 and 16 % in Sp, S;,, S1 4 and S; ¢, compared with Sg
respectively. However, as the value of ¢’ varied between
10.4 and 12.3 kPa, the greatest variation in ¢’ from Sg to
SLe Was no more than 2 kPa.

Discussions

As all the samples were subjected to the same test condi-
tions, and salinity was the only difference among them, the
variation in effective strength parameters as well as pore
water pressure and the deviator stress could be fully
attributed to the discrepancy in soluble salt content within
the samples.

Table 6 Physical properties of the leached samples

Particle size fraction (mm, %)

Sample Clay (<0.002) Silt (0.002-0.075)
Sis 44 56
Sia 49 51
Sie 51 49

Previous researches have proved soluble salts played a
crucial role in cementing clayey soil particles, and loss of
soluble salts would lead to disaggregation of coarse particles
(D1 Maio and Fenelli 1994; Tiwari et al. 2005; Wen and He
2012). Particle size analysis reveals that the sample had its
initial clay fraction of 37 % increase to 44, 49 and 51 % after
65, 76 and 83 % of its soluble salts were lost in Sy 5, S; 4 and
Si 6 respectively (Table 6). As discussed by Di Maio (1996),
Moore and Brunsden (1996) and Sridharan and Prakash
(1999), due to loss of soluble salts, the pore water with
high salinity is diluted, and weakening the salt bonding
among individual clay particles causes an increase in the
thickness of their diffuse double layers, leading to increased
repulsive force and reduced Van der Waal’s attraction force
among clay particles.

Thus reduction in the effective friction angle ¢’ would
result from an increased fine fraction and weakening of
inter-particle forces, as illustrated in Fig. 4a. And reduced
¢ should arise from weakening inter-particle or inter-
aggregate bonding. However, as reconstituted specimens
were used, the origin soil fabric and bonding between
particles could not be fully reconstructed, and the estimated
¢’ should not represent the real cohesion between soil
particles in situ. And the reduction in ¢’ could only partly
reflect the weakening inter-particle forces resulting from
loss of bonding salts. Only 1.9 kPa of reduction in ¢’ was
observed in Spg compared with Sg, which could be
neglected in high normal stress.

On the other hand, since an increased clay fraction has
been produced as a result of disaggregation of coarse
particles when the bonding salts were leached, larger inter-
aggregate pores would be replaced by smaller ones due to
the averagely finer aggregates or clay clusters. Similar vari-
ation in soil after desalinization has been observed using a
SEM technique by Zhang et al. (2013). They found that the
void space within loess was smaller when saturated with
diluted NaCl solution than in one saturated with higher
concentration fluid. Consequently, the smaller voids would
lead to higher pore water pressures built under the same level
of confining pressure, and then reduction in overall shear
strength too. This illustrates that the pore water pressure
under undrained conditions was also influenced by water-
soil physical-chemical interactions.
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According to the principle of Terzaghi’s effective stress,
under undrained shear conditions, the shear strength of clays
is defined as:

Tf:c/—l—(o—u)tan(p/ (1)
in which 7 is the shear stress on the plane, o the stress
normal to that plane, u the pore water pressure, ¢’ the effec-
tive cohesion, and ¢’ the effective friction angle.

As discussed above, for the salt-rich clay under undrained
conditions, both its effective shear parameters (¢’ and ¢”) and
pore water pressure (#) are influenced by the soluble salts
content of the clay, or in pore water. After leaching, reduc-
tion in shear strength of the clay should be a combination of
decrement in both its effective shear parameters (¢’ and ¢')
and an increase in pore water pressure.

The above discussion indicates that fast-moving land-
slides in hilly areas with salt-rich clay may be prone to
movement where the salts of the clay have been leached by
infiltration of long-term rainfall or irrigation water, or where
the clay has a lower quantity of soluble salts, similar to slow-
moving landslides in clay or reactivation of such clay
landslides, as mentioned by many researchers (e.g., Moore
and Brunsden 1996; Tiwari et al. 2005; Wen and He 2012).

Conclusions

A series of triaxial CU tests was conducted on a salt-rich
clay collected from Huangci landslide after being leached
various times. The following could be concluded:

1. Under undrained shear conditions, the clay’s shear
strength decreased significantly with loss of salts.

2. The reduction in the clay’s shear strength could be
attributed to water-soil physical-chemical interactions
in two ways. One is that the effective friction angle
and cohesion of the clay were reduced due to loss of
bonding salts. The other is that higher pore water
pressure was built up during the shear process due to
increased clay fraction, leading to reduced effective
normal stress.

3. Fast-moving landslides with salt-rich clay may be
prone to movement where salts in the clay have been
leached by long-term rainfall or irrigation, or where
the clay has a lower quantity of soluble salts.
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Analysis of Engineering Geological Properties
of Sliding-Zone Soil in Large-Scale Landslides
in the Weibei Loess Tableland Area

Bin Li, Shuren Wu, Jusong Shi, and Zhen Feng

Abstract

Hipparion laterite exists extensively below the thick loess units on the northern bank of the
Weihe River in Shaanxi, and its engineering geological properties control the occurrence of
landslide hazards. Through hipparion laterite tests, this study shows the following: (1) the
clay content of hipparion laterite is high including expansive clay minerals, such as ascanite
or illite-smectite. The specific surface area values are as high as 262.9 m*/g. This property
is due to the expansive clay, and this indicates that the material is physically and chemically
active; (2) the hipparion laterite is characterized by micro-fissures, poor cementation, and
disintegration. Its natural gumbo-like state changes to a plastic or soft plastic state when
saturated and exhibits significant expansibility; (3) the natural intensity of hipparion laterite
is relatively high. Its cohesion and internal friction angle are greatly reduced when
saturated, and reduction from peak to residual shear strength is 47-63 %. Therefore, for a
slope structure of thick loess, hipparion laterite, and bedrock, the strength of hipparion
laterite greatly decreases under the effect of underground water. It then becomes a weak
layer in high and steep slopes, forming shear zones that control the development and
distribution of landslides in the Weibei loess tableland area.

Keywords
Hipparion laterite « Sliding zone « Engineering geological properties « Landslide

Introduction (Wang et al. 1959; Sun 1986; Wang et al. 1999; Wang
et al. 2001). There are some disputes about the ages and
origins of these two sets of strata; however, in general, they
are thought to be transitional from the end of the Pliocene

Epoch to the Early Pleistocene (Pei and Huang 1959; Liu

There are two sets of strata under the thick loess layer of the
Weibei tableland in Shaanxi Province. One set consists of
red clay sediments in which hipparion fauna have been

discovered; thus, it is also called “hipparion red clay” (Liu
et al. 1985; Yue 1996; Peng and Guo 2007). The other set is
a lacustrine facies sedimentary strata of grayish yellow,
grayish green, and red clays, sandy clay and gravel. They
are referred to as ancient Sanmen Lake deposits
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and Zhu 1959; Xue 1981). He et al. (1984) and Yue (1996)
concluded that there were no monsoons during the Pliocene
Epoch and that the climate was relatively moist. Thus,
lacustrine facies materials were deposited in the basin of
ancient Sanmen Lake and hipparion red clay accumulated
outside the basin; thus, contemporaneous sediments with
different facies were formed. At the initial stage of the
Early Pleistocene, the global climate became cold and the
modern pattern of the East Asian monsoon was formed.
Because of these events, suitable formation conditions for
widely distributed hipparion red clay ceased to exist.
Sanmen Lake Basin shrank and the dust material carried

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 69
DOI 10.1007/978-3-319-05050-8_12, © Springer International Publishing Switzerland 2014
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Table 1 Test results of material composition and physicochemical properties of hipparion laterite

Particle size fraction (mm) (%) Specific
Activity Montmorillonite  surface
Sample >0.075 0.075-0.005 <0.005 <0.002 index (%) content (%) area (mz/g)
Hipparion  0.08-3.41 45.02-62.71 37.12-54.40 30.24-48.04 0.43-0.79 18.61-27.56 151.2-262.9
laterite (1.54)1¢ (55.2)10 43.3)9 (37.1)10 (0.65)10 21. 710 (205)10

Note: Data in parentheses are average values, while the subscript outside the parentheses is the number of analyses

Table 2 Quantitative analysis results of minerals in hipparion laterite

Clay mineral relative content (%)

Sample  Clay content <2 um (%) I I/S C K
1 38.19 26 67 - 7
2 37.90 15 75 3 7
3 32.99 17 72 4 7
4 36.08 19 72 3 6
5 38.48 18 76 2 4
6 31.87 21 69 4 6
7 35.04 22 63 7 8
8 42.48 31 55 - 14

Clay mineral absolute content (%)

I/S mixed-layer ratio (%) I 1/S C K

40 9.93 25.59 - 2.67
55 5.69 28.43 1.14 2.65
45 5.61 23.75 1.32 2.31
45 6.86 25.98 1.08 2.17
55 6.93 29.25 0.77 1.54
40 6.69 21.99 1.28 1.92
40 7.71 22.08 2.45 2.80
70 5.22 33.98 - 2.55

Note: /S illite—montmorillonite mixed-layer minerals, [ illite, K kaolinite, C chlorite

by the monsoons (loess) was deposited extensively over
northern China. It accumulated toward the middle of the
lake in a chasing form along the edge of Sanmen Lake
Basin. When Sanmen Lake disappeared, loess fully covered
the tableland. Due to the limited Quaternary sediment cov-
erage and geographic restrictions, limited research has been
conducted on these two sets of strata.

In recent years, through detailed surveys on the geologic
hazards in the loess area in the Guanzhong western region of
Shaanxi Province, the authors found slip bands of large-scale
landslides in the strata of the hipparion red clays and deter-
mined that its physical and mechanical properties directly
controlled landslide occurrence (Qu et al. 1999; Li et al.
2011, 2012). Therefore, this paper analyzes the material
composition, microstructure, physical and mechanical
properties of hipparion red clays on the north bank of the
Weihe River in Baoji, Shaanxi, to report its engineering
geological properties and its influence on geological
hazards.

Material Composition and Structural Features
of Hipparion Red Clay

Particle size distribution and clay mineral and cement
compositions of hipparion red clay determine its engineering
geological properties. Different compositions of clay
minerals, especially differences in the montmorillonite con-
tent, directly determine the physicochemical properties of
this clay and thus its corresponding engineering properties.

Material Composition

1. Particle-size distribution of stiff clay

Particle-size analysis results via the pipette dispersion
method show that the hipparion red clay of Baoji is generally
characterized by high clay content (Table 1). Samples from
different spots in the research area (<0.005 mm) show the
clay content to range from 37 to 55 %, with the lowest clay
content being 37.12 %. The average colloidal grain
(<0.002 mm) content ranges from 30 to 48 %. The clay’s
specific surface area was measured by using the ethylene
glycol monoethyl ether polar organic molecules adsorption
method. The results show the specific surface area mean
values to be 205 m*/g with a minimum value of 151.2 m?%/g
and the highest value is 262.9 m*/g. The variations in clay
content correlate with the montmorillonite content and spe-
cific surface area of the clay.

Mineral Composition

Using X-ray diffraction analysis, quantitative tests for clay
minerals were completed via the following three treatment
methods: (1) orientation of sample pieces in a <2 pm clay
particle suspension; (2) orientation of sample pieces in a
<2 pm clay particle suspension treated in ethylene glycol;
(3) orientation of sample pieces in a <2 pm clay particle
suspension heated at 550 °C for 2 h (Srodoﬁ et al. 2001;
Kahle et al. 2002; Zhang and Qu 2004). The mineral test
results (Table 2) show that hipparion red clay has a character-
istic mineral assemblage dominated by Ca-montmorillonite



Analysis of Engineering Geological Properties of Sliding-Zone Soil in Large-Scale. . . 71

Sample 2

10000 [
8000
6000
a000F

2000

Diffraction intensity /cps

20/°

b Sample 4
15000 @

10000 -

5000

Diffraction intensity feps

20/

Fig. 1 X-ray diffraction curves of hipparion laterite. @ Natural sam-
ple; @ sample after treatment with ethylene glycol; ® sample after
heat treatment at 550 °C (a) Sample 2—hipparion laterite in the Xiashi
gully. (b) Sample 4—hipparion laterite in the Hulu gully

with clay particles consisting of illite and kaolinite (Fig. 1).
Montmorillonite mainly exists in a mixed layer form with
medium and high illite/montmorillonite ratios. The mixed
layer ratio ranges from 40 to 70 %, the relative content ranges
from 55 to 75 %, and the absolute content ranges from 21.99
to 33.98 %. The relative content of the auxiliary mineral illite
ranges from 15 to 31 % and the relative content of the
concomitant kaolinite ranges from 4 to 14 %. A small amount
of chlorite also exists in the clay.

Montmorillonite and mixed-layer illite/montmorillonite
belong to the swelling clay minerals category, which have
high internal and external specific surface areas and exhibit
strong physical and chemical activity. The test results show
that the effective montmorillonite content in the hipparion
red clay ranges from 18.61 to 27.56 %, with an average
content of 21.70 %, a mean value of the specific surface
area of 204.7 m?g, and the highest value reaching
262.9 m?/g. These results are consistent with those for
swelling clay. The relationship between the montmorillonite
content and specific surface area shows a weakly positive
correlation (Fig. 2).

30

201 °® %o

montmorillonite content (%)

10 N N N
100 150 200 250 300

specific surface area (m%/g)

Fig. 2 Relation between smectite content and specific surface area in
hipparion laterite

Fig. 3 Microstructural features of hipparion laterite

Microstructure

The clay mineral content in hipparion red clay is high with
the clay minerals dominated by montmorillonite or mixed-
layer minerals of medium and high illite/montmorillonite
ratios. The kaolinite content is low and has few granular
accumulation structures. Scanning electron microscopy
results (Fig. 3) show that the microstructure types are mainly
flocculent, cementation, and turbulent flow structures. In the
structural grillwork, micropores or microcracks are rela-
tively well developed and can provide channels for water
infiltration. When water infiltrates, montmorillonite and
illite clay tablets that are closely superimposed in “side-
surface” and “surface—surface” forms will absorb water
and the hydration shell will thicken and swell. Conversely,
when water evaporates and is lost, the clay tablets will
reduce and shrink. Therefore, hipparion red clay is



1.90 g/cm® having a mean value of 1.77 g/cm®. The void
ratio ranges from 0.40 to 0.59 having a mean value of
0.50. Compared to mudstone from the Miocene Epoch,
the density is lower, which indicates that solidification is
poorer. The high water content and low density imply that
hipparion red clays have low strength. The liquid limit of
hipparion red clays ranges from 36.70 to 57.30 % with a
mean value of 44.10. The plasticity index ranges from
17.83 to 33.00 having a mean value of 23.30 and the
liquidity index ranges from —0.50 to 0.10, with a mean
value of —0.21. This indicates that in their natural state,
hipparion red clays behave like gumbo clays but change
to a plastic or soft plastic state after saturation with water.

Samples were either dried under a constant temperature
of 105 °C or left with their natural water content and then
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Table 3 Test results of physical properties of hipparion laterite
Dry
Water Bulk bulk Liquid Plastic Free
content density density Void limit limit Plasticity Liquidity swelling
Sample (%) (g/cm3) (g/cm3) ratio (%) (%) index index ratio (%)
Hipparion 12.10 1.98 1.64 0.40 36.70 17.7 17.83 —0.50 58
laterite _ _ _ _ _ _ _ _ _
20.46 2.13 1.90 0.59 57.30 24.30 33.00 0.10 77
(16.0) (2.07) 1.77) (0.50) (44.1) (20.8) (23.3) (=0.21) (65)
Note: Data in parentheses is the average value
characteristized by dilatation and easily forms microcracks 70
Or micropores. ® Hipparion laterite
60 |—
)
Engineering Geological Properties of Hipparion 50 N/
Red Clays -~ L .
i | extremely strong swelling
) . S 40—
Physical Properties =
£
& |
1. Physical properties = A0 | strong swelling
Table 3 shows test results pertinent to the physical 2 ' L
properties of hipparion red clays. The natural water con- - : i o 3.0
. . - | FAN
tent of hipparion red clays ranges.from 12.10 to 2.0.46 % | ?jell?nrg m ®
with a mean value of 16 %, so it may be classified as
having medium water content. The natural density ranges 10— low swelling
from 1.98 g/cm® to 2.13 g/cm® having a mean value of
2.07 g/cm?. The dry density ranges from 1.64 g/cm’ to 0 ! ' ' ' ' !
g/ Y y & g/ 0 10 20 30 40 50 60 70

<2um clay content (%)

Fig. 4 Differentiation diagram for the expansion trend of hipparion
laterite

put into containers filled with clear water for testing. The
process by which the test blocks fragmented in water is
then observed and we show that the disintegration
properties of hipparion red clays are extremely strong in
both its dry and natural states. The disintegration speed in
the dry state is faster, and its disintegration durability is
quite low. All dry samples of hipparion red clay

2. Swelling properties disintegrated within 1 h and the natural samples
Williams’ internationally-adopted diagramming method disintegrated within 6 h. From previous tests, we know
for determining swelling power divides swelling power that the clay minerals of hipparion red clays are
into low, medium, strong, and extremely strong swelling. dominated by minerals characterized by strong
It is a generally accepted measure of clay swelling and is hydrophilism and swelling power, such as montmorillon-
appropriate for practical applications. Using the ite or mixed layer illite/montmorillonite, as well as para-
William’s diagramming method, we show in Fig. 4 that genetic associations of illite, kaolinite, and chlorite. As a
the Pliocene clay of the Sanmen Formation has medium result, its degree of cementation is low and fractures and
to strong swelling power. microcracks are often present. Therefore, when water

3. Disintegration properties infiltrates these pores or cracks, a capillary film of fine

particles will thicken and cause swelling of the soil mass.
Thus, nonhomogeneous stress will develop in the soil
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Table 4 Major shearing strength indexes of hipparion laterite

Peak strength

C/kPa d(°)

115.1 34.3
75.6 26.4

Residual strength

C/kPa &)
48.9 21.2
29.4 15.6

Test conditions
Natural state
Saturation state

300
250
200
150
100
50 n

0 1 1 1 1
0 2 4 6 8 10

shear displacement/mm
—&— 100kPa —=— 200kPa —— 300kPa —<— 400kpa

shear stress/kPa

Fig. 5 Shear strength-shear displacement curve for hipparion laterite
(saturated state)
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Fig. 6 Shear strength-normal stress curve for hipparion laterite
(saturated state)

mass and some cements will be diluted, softened, or
dissolved and then the soil mass will disintegrate.

Mechanical Properties

Next, we performed direct shear tests for hipparion red clays
under both natural and saturated states using the slow shear-
ing rate of 0.02 mm/min. The effective normal stresses were
100, 200, 300, and 400 kPa. Each soil sample was sheared
five times with a shear displacement of 8 mm each time. The
first peak value was selected as the peak strength of slow
shearing and the 5th stable value was chosen as the residual
strength. Table 4 presents the test result for the shear
strengths of hipparion red clays. Figure 5 shows the shear
strength-shear displacement curve of the test sample, and
Fig. 6 shows the shear strength-normal stress curves for
hipparion laterite.

The analysis explained earlier shows:

1. The shear strength- displacement curves of hipparion red
clays under natural and saturated states exhibit the
behaviour of soft clay. After the peak point, there is no
obvious reduction in stress.

2. According to the direct shear test results, under natural

water content conditions, the strength of hipparion red
clays are relatively high but after saturation both the
cohesion and the internal friction angle greatly decrease.
The residual strength under both states is low and the
cohesion decreases by two-thirds. For a sequence of thick
loess, hipparion red clay, and sloped bedrock under a
long-term effect of underground water, the strength of
hipparion red clay will reduce rapidly, weak strata will
appear in the slope and finally slip bands will form by a
long-term creep deformation.

Discussion

1. Relationship between engineering geological properties
of hipparion red clays and weak strata development
According to the material composition and physical test
results on hipparion red clay, hipparion red clay has high
clay content, and the clay mineral composition is
dominated by montmorillonite and illite. As a result, its
specific surface area and cation exchange capacity are
high. When the clay is affected by water, the surface of
clay minerals characterized by strong hydrophilism will
absorb water to form an adsorption layer and will attract
cations and hydration cations to form a diffused double
layer. Thus, hipparion red clays have strong swelling
properties. In terms of the microstructure, clay
minerals are often superimposed in ‘“side-surface” and
“surface—surface” arrangements, which allow micropores
to develop in the structure. This creates favorable micro-
structure conditions for clay swelling. Therefore, the clay
swells easily when absorbing water and shrinks after
losing water. Under the effects of long-term dilatation,
the clay macrostructure will develop fractures and reduce
in strength. Thick loess layers will press and shear these
strata, and thus weak strata will form in the slope. Finally,
interlayer shear zones will appear.

2. Strength attenuation of hipparion red clays and landslide

evolution

According to mechanical analyses of hipparion red clays,
the clay has peak strength, t,,, and residual strength, t,,
before and after destruction, respectively. When the nat-
ural slope is in an equilibrium state, the hipparion red clay
containing slip bands is at its peak strength. During slope
instability, its strength will reduce rapidly until reaching
its residual strength. There is a value of difference, S;,
between the peak and residual strength (Hu 1995), which
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can be expressed as

G -v A

Sp=

According to the shear envelopes of peak and residual
shear strengths of hipparion red clays, the difference
between the peak and residual strengths under natural
and saturated states is large. According to the formula
for Sy, the difference in values between the peak and
residual strength of hipparion red clays under its natural
state ranges from 32 to 40 %, while under a saturated
state, Sy, ranges from 47 to 63 %. The reduction in
strength is apparent. Under long-term irrigation or rain-
fall infiltration, hipparion red clays may be located below
the water table. As a result, thin hipparion red clay layers
will gradually saturate and their strength will reduce.
From the squeezing action of thick loess layers, creep
and shear deformation will occur and interlayer shear
zones will form gradually. When its shear strength
reduces to a certain level, sudden large-scale deformation
of the slope will occur and landslides will take place.
Therefore, the strata location and strength of hipparion
red clays directly affects the deformation and instability
of the slope.

Conclusion

This study primarily analyzed the relationship between
the engineering geological properties of hipparion red
clays in Baoji of Shaanxi and landslide occurrence.

1. The test analyses show that the hipparion red clays
with developed cracks have high clay content and
contain a large amount of montmorillonite and other
swelling clay minerals. They are characterized by
strong physical and chemical activity, a low degree
of cementation, low strength, and swelling power.
These characteristics provide the material basis for
characterizing its engineering geological properties,
and they also determine its low mechanical strength.

2. The strength test shows that there is a large difference
between the peak value and residual strength in
hipparion red clays. Under the effect of underground
water, its strength parameters greatly decrease. There-
fore, during irrigation periods or rainy seasons, surface
water seeped through infiltration in the loess causes a
decrease in the strength of the underlying hipparion
red clay. Thick sloped loess layers presses and shears
the thin hipparion red clay layers at the bottom and the
slope slides. This is the main cause of landslides in the

loess hill and edge areas of the Guanzhong western
region.
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Dynamic Centrifuge Modelling Tests for Sliding Rock
Slopes

Xianglong Li, Joseph Wartman, Huiming Tang, Jinkai Yan, Hongming Luo,
and Wei Hu

Abstract

Sliding rock slope models with intermittent rock planes and secondary rock joints are built
of synthetic material, and tested in a centrifuge testing system to study the failure process of
rock slopes during an earthquake. The models are made of synthetic material containing
gypsum, sand and pure water with certain mix ratio through strictly controlled casting
procedure. New methods are invented to build the bedding planes with full contact and no
gaps; special casting method is invented to add unbroken bedding plane parts inside each
bedding plane. The results of the dynamic centrifuge tests reveal that the secondary rock
joints inside the rock slope serve to weaken the dynamic stability of the sliding rock slope
significantly, and could affect the dynamic failure mechanism of the slopes, making the

rock layers collapse into smaller rock masses during sliding along the bedding planes.
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Introduction

Seismic-induced rock slope failure is one of the most com-
mon and dangerous seismic-induced geo-hazard all over the
world. Among them the sliding rock slope failure is the most
common type. Sliding rock slope, whose safety is mainly
controlled by its rock bedding planes and secondary rock
joints inside, could generate dynamic sliding failure along
the bedding planes inside the rock slope during earthquake
and other seismic events. Numerous researches involving
the failure mechanism of sliding rock slope under seismic
load were carried out; however, most of them were post-
event site investigations, and the research conclusions and
results are made based on the site characteristics of some
certain rock slope failure scenes. Theories were brought out
based on simple sliding mechanism with barely any
considerations of rock joint structure properties, which hap-
pen to control rock slope stability. An earthquake event
usually happens suddenly, and is not predictable, so it is
nearly impossible to witness or monitor the whole process
of the rock slope failure during the earthquake. Therefore,
data for rock slope dynamic failure process is very rare and

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 75
DOI 10.1007/978-3-319-05050-8_13, © Springer International Publishing Switzerland 2014
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Table 1 Comparison of the synthetic material properties to natural sandstone

Material properties

Density (kg/m>)

UCS (MPa)

UTS (MPa)

Elastic Modulus (GPa)

Poisson’s Ratio (1)

Shear wave velocity (km/s)

Mode I Fracture Toughness (MPa/m’O‘S)

could not meet the research requirement. Physical modelling
tests can make up for this deficiency, and dynamic centrifuge
modelling is one of the potential testing methods for rock
slope dynamic failure mechanism research (Hoek 1965;
Joseph et al. 1988).

Sliding rock slope contains both rock bedding planes and
a large number of secondary rock joints inside the rock
masses. The secondary rock joints are usually orthogonal
to the bedding planes. These two major groups of rock joints
are usually not completely penetrating, but are intermitted
many unbroken parts inside. These unbroken parts play an
important role in maintaining the slope stability, but have
not been studied properly. Most of the research works
neglect the existence of these unbroken parts inside rock
joints and the effect of the secondary rock joints on slope
stability (Dong et al. 2011; Li et al. 2007). Zhang et al.
(2007) added secondary rock joints in the toppling layered
rock slope physical model, and studied the failure process of
the slope under static condition, but considered no seismic
loads.

In this paper, a new method is invented to build the
bedding planes with full contact and no gap. A special
casting process is used to add unbroken parts inside each
bedding plane. Two different rock slope physical models
containing intermittent rock planes and secondary rock
joints are built of synthetic material, and are tested in a
centrifuge testing system under dynamic loads, to study the
dynamic failure behaviour of the sliding rock slope, and the
effect of the secondary rock joints on the dynamic stability
of the rock slope.

Sliding Rock Slope Physical Model Building
Synthetic Rock Material

The synthetic rock material used in this series of test is made
of gypsum, fined grained sand, and pure water, with a mass
ratio of 1:0.6:0.4. Through proper casting process, the mate-
rial can reach its steady condition and is ready to be cut and
tested.

In order to obtain the properties of this synthetic material,
basic mechanical tests are carried out, including uniaxial
compression test, Brazilian test, and Mode I fracture

Synthetic material

Natural sandstone

1,900 2,200
68.99 70
4.33 5
13.29 30
0.25 0.30
2.00 2.30
0.95 0.68

toughness test. The material properties are listed in Table 1.
Noticeably, the synthetic material is comparable to natural
sandstone, except that the elastic modulus is lower than
natural sandstone, while the Mode I fracture toughness is
higher.

Fully Contacted Rock Bedding Plane

The synthetic rock bedding plane should be able to simulate
two major properties of the natural plane: the broken parts of
the bedding plane should be in full contact with no gaps and
the unbroken parts of the bedding plane should maintain
tensile and shear strength that are comparable with the
natural unbroken bedding plane. In order to meet such
requirements, a brand new casting method is designed and
tested to make a synthetic rock bedding plane with ‘closed’
broken parts and unbroken parts whose strength is about
15 ~ 20 % of the intact synthetic rock material. The basic
concept of this new casting method is to mould one piece of
the rock bedding plane first, then smear some special paint-
ing material as a shield to cover the plane surface where the
broken part is designed to be located, in order to prevent
cementing on these parts of plane surface in the next casting
process; finally, the other piece of the plane is moulded
together with the first piece to form one fully contacted
rock bedding plane with no gap between each piece. Lard
refined from pork is used as the shield during casting. The
lard behaves as solid fat in temperatures under 20 °C, and
melts when the temperature rises beyond, creating the rock
plane with no gap after setting.

Through this casting process, the parts with lard shield
will have no gaps, no tensile strength, but only a controllable
surface roughness and frictional function, and the parts with
no lard shield will cement together, with low tensile and
shear strengths.

Figure 1a shows the sythetic rock brick sample with one
single rock bedding plane across the body. The center of the
plane contains one part of the fully contacted broken plane,
and the rest of the plane on each side is unbroken. In order to
test the applicability of the rock bedding plane casting
method, a group of such rock brick sample are cast and
tested to fail under uniaxial compressive load, and one of
the failed sample is shown in Fig. 1b. As dipicted in the
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Fig. 1 Experimental test of the synthetic rock brick sample with
bedding planes inside (a) Synthetic rock brick with fully contacted
rock plane inside (b) Synthetic rock brick after compressive failure

figure, the central broken bedding part generated two wing
fractures from two tips, and propagated toward the direction
of the maximum stress (compressive); the original unbroken
parts of the rock plane failed in shear afterwards. This test
prove that the synthetic bedding plane behaves properly. The
basic mechanical properties of the synthetic rock bedding
plane are tested and listed in Table 2.

Sliding Rock Slope Physical Model

Two different types of sliding rock slope physical models
were made by using the casting method described above.
Both slopes share the same profile, with a height of 20 cm, a
thickness of 5 cm, and a bottom length of 25 cm. The slope
surface dipping angle is 75°. Both slopes contain five rock
layers with a uniform thickness of 2 cm, and a dipping angle
of 45° (Figs. 2 and 3). The slope named as Slide_1 has

Table 2 Basic mechanical properties of the synthetic rock bedding plane

Bedding plane type Frictional angle (°) Cohesion (kPa) Mode I fracture toughness (Mpa/m %)
Broken parts 32 2.0 N/A
Unbroken parts 41 85 0.67
Fig. 2 Schematic diagram of the Top Top
sliding slope models Slide_1 and A O O
Slide_2 / // (</<</\<\
// 20cm /\<\/ 20cm
45;a N
45;a
/ Slide_1 / Slide 2
Bottom Bottom
[1 [1
|<7 25cm 4>| |<7 25cm 4>|

Fig. 3 Two types of sliding rock
slope Physical model (a) Slide_1
slope (b) Slide_2 slope

[J] Accelerometer
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Table 3 Input dynamic wave parameters for slope dynamic tests

Scale Amplitude (g)  Frequency (Hz)  Time duration (s)
Model 0 ~ 400 120 2.5
Prototype 0 ~ 10 3 100
—— real motion
S 200 1
2 200
-400
0.0 05 10 15 20 25 30

Time(s)

Fig. 4 Comparison between the designed input motion and the real
input motion for slope dynamic tests

intermittent rock bedding planes inside, but with no second-
ary rock joints; while the slope named as Slide_2 has inter-
mittent rock bedding planes exactly the same as Slide_1, and
orthogonal secondary rock joints inside. The secondary rock
joints are made 17 mm long, a little shorter than the thick-
ness of each rock layer, leaving a 3 mm of rock linkage.

Dynamic Centrifuge Test

The centrifuge testing system called Schaevitz in the Uni-
versity of California Davis is used to test the two slope
models. The testing gravity is 40 g. According to the param-
eter scaling rules of centrifuge test, the prototype shape of
the two slopes are 40 times larger than the model shape, that
is, 8 m tall and 10 m long.

Monitoring system is installed into the testing system,
including high speed cameras, accelerometers on the slope
and the model holding box.

In order simulate the seismically induced failure of the
slope models, a harmonic sine wave motion with constant
frequency and ramping amplitude is introduced to the testing
system. The parameters of the input wave are shown in
Table 3. According to the scaling rules, the maximum ampli-
tude of the input wave reaches 10 g in prototype scale, which
is high enough to fail both physical models. However, the
real input motion loaded to the models is not always the
same as designed, due to the limitation of the motion
acturator capacity of the centrifuge system. The actuator,
drived by high pressure gas, has certain limits on shaking
frequency and amplitude. The higher the gravity utilized, the
narrower capacity the actuator has. Therefore, motion
adjustment must be done before carrying out the tests. Fig-
ure 4 shows the designed input motion (black curve) and the
real input motion (red curve) for the two slope tests under
40 g environment. As it is shown, the real input motion is
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Fig. 5 Acceleration time history of Slide_1 slope under Wave3
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Fig. 6 Acceleration time history of Slide_2 slope under Wave3

very different from the designed motion. In spite of this, the
real input motion is still high enough to fail both slope
models, and it would be unnessessory to adjust the designed
input motion.

Results Analysis

The acceleration time history recorded by the
accelerometers on the top and bottom of each slope is
drawn in Fig. 5 (for Slide_1) and Fig. 6 (for Slide_2), in
which the black curves represents the acceleration time
history on the bottom, and the red curves represents the
acceleration time history on the top.

As shown in these two figures, the acceleration on the top
of the slopes is larger than on the bottom, which proves
obvious topographic amplification effect. Moreover, the
amplification effect tends to magnify as the amplitude of
input motion ramps.

In Figs. 5 and 6, both acceleration records on the top of
slope change aggressively at certain time point, which indi-
cate the occurence of the slope failure events; the Slide_1
slope failed at 1.25 s, with the acceleration of 177 g (in
model scale) on the slope top; the Slide_2 slope failed at
1.08 s with the acceleration of 118 g (in model scale) on the
slope top. This difference between the two models shows
that the presence of secondary rock joints inside sliding rock
slope could weaken the dynamic stability of the slope
significantly.
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Fig. 8 Failure condition of Slide_2 slope

The slope failure process, recorded by high speed
cameras, also shows obvious differences between Slide 1
and Slide_2. The Slide_1 slope generally failed along the
lowest (the fifth) bedding plane, and the body slided down as
one intact rock piece. After the slipping rock brick hit the
bottom of the model holding box, it collapsed along rock
bedding planes inside and seperated into five rock layers, but
each the rock layer still remained in one piece (Fig. 7).

The Slide_2 Slope failed along the forth bedding plane,
leaving the bottom rock layer unbroken and still attached to
the slope base. Moreover, before the forth bedding plane
started to slide, multiple secondary rock joints inside rock
layers had propagated and caused internal damage to the
rock mass. During sliding along the forth bedding plane
and before the collision to the loading box, the upper rock
mass had already collapsed into smaller rock bricks due to
the cutting through of multiple secondary rock joints
(Fig. 8).

The two tested sliding rock slope models share identical
shape of slope, material properties, bedding plane
characteristics, and dynamic test procedure. The only differ-
ence between the two tests lies on whether the model has
secondary rock joints inside. Therefore, we can conclude
that the existence of secondary rock joints is the cause for
the difference in the failure process of the two tested models.
The existence of the secondary rock joints makes the rock

mass structure more complex, and weakens the rock mass
strength as a whole, which results in the decrease of the rock
slope dynamic stability. Moreover, the increased complexity
of the rock mass structure can significantly change the
dynamic property of the rock mass, including the elastic/
plastic deformation properties, the stress wave propagation
characteristics, and the dynamic damping characteristics, all
of which would then effect the dynamic response of the rock
slope, including the failure process. In addition, the exis-
tence of secondary rock joints can serve as potential rock
mass failure path, changing the sliding rock slope failure
mode from pure bedding plane failure to step path failure
with the interconnected of secondary rock joints and rock
bedding planes in different rock layers. The conclusions
above could be the reason Slide-1 slope (with no secondary
rock joints) failed along the lowest bedding plane, while the
Slide-2 slope (with secondary rock joints) broke into rock
bricks during the failure process and slid along the forth rock
layer.

Conclusions

Sliding rock slope models with intermittent rock planes
and secondary rock joints are built from synthetic mate-
rial, and tested in the centrifuge. The results of the centri-
fuge dynamic tests reveal that: the unbroken parts inside
rock bedding planes contribute greatly to the stability of
sliding rock slope; the secondary rock joints inside the
rock slope serve to decrease the dynamic stability of the
rock slope significantly and could affect the dynamic
failure mechanism of the slopes, making the rock layers
collapse into smaller rock masses before and during slid-
ing along the bedding planes.
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Changes in Shear Strain and Subsurface Flow Prior
to Rainfall-Induced Landslide in Flume Experiments

Yasuhiko Okada

Abstract

Two shallow landslides were induced in a large-scale model slope by artificial heavy
rainfall, in which the heights of sand layers were set at 0.7 and 0.5 m. A total of 2,931 s
of rainfall produced a relatively large landslide in a whole steep slope section in the 0.5 m
high sand layer. On the contrary, only a small landslide was produced by a total of 4,000 s
of rainfall in the lower half of a steep slope section in a sand layer that was 0.7 m high.
Changes in shear deformation and subsurface flow were monitored in the experiments.
By tracing the movements of markers imbedded inside the sand layers, the changes in
shear strain were analysed and expressed in a form of Mohr’s circle. In addition, by
approximating the equi-potential lines from the observed data of pore-water pressure, the
changes in subsurface flow directions were calculated. It has been shown that, although the
sand layers were packed to be uniform, the observed shear deformation and subsurface flow
conditions were not homogeneous; just before the landslide initiation, water tables were
formed in almost all slope sections, but a sliding surface was not necessarily formed below
the water table. Directions of maximum shear strain and subsurface flow were more in
general agreement with the direction of slope base in the parts inside the landslide,
indicating their possible influence on the landslide initiation.

Keywords
Rainfall-induced landslide « Shear strain « Subsurface flow

Introduction

In order to investigate the mechanisms of rainfall-induced
landslides, large-scale model slopes have been used to induce
shallow landslides. Fukuzono (1978) used a 10-m long, 4-m
wide model slope and proposed a prediction model indicating
that the initiation time of rainfall-induced landslides was a
function of inverse shear velocity. Iverson and LaHusen
(1989) pointed out that pore-water pressures were dynamically
fluctuating during the rapid shearing at failure. Okura et al.

Y. Okada (D)

Department of Soil and Water Conservation, Forestry and Forest
Products Research Institute, Matsunosato 1, Tsukuba 305-8687, Japan
e-mail: okadalO@ffpri.affrc.go.jp

(2002) explained that the excess pore-water pressure genera-
tion was induced by the negative dilatancy followed by the fast
shearing. Those studies focussed on the behaviour during
failure. Details of shear strain and subsurface flow prior to
failure were not as well examined and clarified. Because it is
difficult to adequately scale the cohesive stresses and the
stresses associated with deformation within the continua, in
this study a large-scale model slope was used, in which atten-
tion was paid to the subsurface flow conditions and shear
deformation before failure initiation.

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 81
DOI 10.1007/978-3-319-05050-8_14, © Springer International Publishing Switzerland 2014
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Fig.1 Schematic illustration of a im-----
large-scale model slope showing

pore-water pressure transducer 0.5m
and marker positions, axes to g

calculate the strain, and the
descending angle to the slope
base

Descending angle
to slope base

32 degrees |

Experiments on Rainfall-Induced Landslides
Sample and the Model Slope

River sand was used. This material was excavated from the
Sakuragawa River in Tsukuba city, Ibaraki prefecture, Japan.
The density of sand particles was 2,620 kg/m®, the mean
diameter (Dsg) was 0.50 mm, the uniformity coefficient
(Uc) was 4.31, and the coefficient of curvature (Uc’) was
0.93. Two experiments were conducted, in which Experiment
1 was in a sand layer 0.7 m high (void ratio, ¢y = 0.79) and
Experiment 2 in a layer 0.5 m high (e, = 0.76).

A schematic illustration of the large-scale model slope is
shown in Fig. 1. In Fig. 1, the positions of pore-water pressure
transducers and markers, axes to calculate the strain, and the
angle of descent to the slope base are also shown. The model-
slope is 1 m wide, and consists of three parts, a gentle slope
(10°) section that was 4 m long, a steep slope (32°) of 4 m, and
a horizontal section of 1 m, in total 9 m long. The sample was
loosely placed in the model slope by gently dropping sands
through a mobile hopper. The sand layers were packed as
uniform as possible. The rain simulator, which was equipped
with nozzles at five locations all 6.4 m above the floor along
the model slope, produced uniform rainfall at an hourly
intensity of 100 mm in the experiments. One side of the
model slope is made of reinforced glass, making it possible
to film the landslide movement using digital video cameras.

Monitoring and Data Acquisition

The changes in pore-water pressure were measured by pres-
sure transducers (strain-gauge type, 18 mm in diameter,
83 mm long, range 70 kPa, accuracy = 0.015 %). These
transducers were configured to measure positive and negative
pore-water pressure by using a water-filled gap between the
sensor and a glass filter cap ported to the sand. A calibration to

Auxis for strain calculation

T—) h-axis

v-axis

© Cylindrical-shape marker
* Pore-water pressure transducer

32degrees |
w

10 degra_ss i

6m 5m 4m am 2m im om

check the linearity of the pressure was conducted by sinking
the transducers to depths of 0.1, 0.5, and 1 m in water before
situating them in the sand-layer in each experiment. During
the landslide experiments, the transducers moved together
with the sand until final deposition. The data were logged by a
PC at 100 Hz.

In addition, the shear deformation was monitored by digital
video cameras that traced the movement of markers imbedded
in the sand layers. The markers were of cylindrical shape
(30 mm long, 16 mm in diameter). One bottom side of each
marker was adjacent and visible through the reinforced glass.
Five time-code indicators were set around the model-slope to
show the elapsed time, with a resolution of one hundredth of a
second. The digital video cameras were situated so that they
could film the time-code indicators. Using this system, the
pore-water pressure and filmed images could be synchronised
in the analysis.

Results and Discussion
Subsurface Flow Conditions

The changes in equi-potential lines before failure initiation
are shown in Fig. 2, at (a) 500 s, (b) 300 s, (c) 60 s, and (d) 1 s
before slope failure in Experiment 1, and (e) 1 s before slope
failure in Experiment 2. In Fig. 2d and (e), approximate
sliding surfaces of the first landslide are also shown by
dotted lines.

The equi-potential lines were generally horizontal in (a),
then the lines changed in shape and crossed the slope base at
larger angles with the increase in precipitation time. Water
tables firstly formed around the connection between steep and
gentle slope sections and the horizontal section, and they
enlarged as precipitation time went on. Just before the failure,
the water tables formed in almost the whole slope sections in
(d) and (e).
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Fig. 2 Changes in equi-potential lines (every 0.2 m of pressure head)
and water table formation: (a) 500 s; (b) 300 s; (¢) 60 s; (d) 1 s before
the first landslide in Experiment 1 respectively; and (e) 1 s before the
landslide in Experiment 2. (approximate sliding surfaces of the first
landslides are also shown in (d) and (e) by dotted lines)

Shear Deformation in Sand Layer

Strain was calculated assuming the plane strain conditions,
in which shear strain (y,, / 2), normal strain in v-direction
(¢,), and normal strain in A-direction (g;,) were as follows:

ov

AV;_EXVWFEXH:' (i=12) (1)
OH OH .
AHi—ExV,-—FEXHi (i=1,2) (2)
. aV . aH }/lw_ 1 aH aV
ev__g, 8/’!—_%’ 2 __§<E+E) (3)

where normal strain is positive in contraction and shear
strain is positive in an anti-clockwise direction.

Since landslides occurred in steep slope sections, strain
was analysed at longitudinal positions of 4.6, 5.6, 6.6, and
7.6 m. Figure 3a, b and ¢ shows changes in strain in the form
of a Mohr’s circle at a 6.6 m longitudinal position just
upslope of the head scarp of the first landslide in Experiment
1. In the same way, strain at 5.6 m just down slope of the
landslide is shown in Fig. 3d, e and f. In the figures, the
measured shear strain (y,,/2) is also shown as a dot.

In 6.6 m longitudinal positions, strain was similar in the
shallow and middle parts and it was smaller in the deep part.

Conversely, strain was getting larger from the shallow part
to the deep part in 5.6 m longitudinal positions. Strain in the
shallow and middle parts at 6.6 m was larger than that at
5.6 m, whilst strain at the deep part at 6.6 m was smaller than
that at 5.6 m. Although the sand layer was uniformly packed,
strain at the 5.6 and 6.6 m longitudinal positions was quite
different. A point to note is that the strain was larger in the
shallow and middle parts at 6.6 m longitudinal position
where the landslide did not occur than that at 5.6 m where
the landslide took place.

Regarding Experiment 2, in which the landslide occurred
along the whole steep slope section, strain at 6.6 m and that
at 5.6 m longitudinal positions were similar and the deep
parts had a larger strain.

Correlation with Directions of Maximum Shear
Strain and Subsurface Flow

The changes in descending angle between directions of
maximum sheer strain and steep slope base in Experiment
1 are shown in Fig. 4. The descending angle between
directions of maximum shear strain and the steep slope
base was rather larger in shallow parts than in the middle
and deep parts. The descending angle at 6.6 m longitudinal
position was larger in all shallow, middle, and deep parts
than that at 5.6 m, indicating the angle of maximum shear
strain at 5.6 m was in better agreement with the direction of
the steep slope base. It was also shown that the descending
angle at 7.6 m was between that of 5.6 and 6.6 m, the angle at
4.6 m was smallest and showed negative values at some
points, indicating the direction of maximum shear strain
went towards the sand layer surface.

The changes in descending angle between directions of
subsurface flow at 0.4 m deep and that of the steep slope base
in Experiment 1 are shown in Fig. 5. The descending angle
between directions of subsurface flow and the steep slope
base was large at the 6.6 m longitudinal position and the
angles ranged between 52 and 68°, while those at 5.6 m were
between 40° and 45° and they were smaller than at 6.6 m.
Those at 4.6 and 7.6 m were smaller than at 6.6 m and they
converged to about 40° just before the landslide.

It was pointed out that the generation and enlargement of
subsurface flow played quite an important role in rainfall-
induced landslides (Fukuzono 1978). Since the seepage
force is, in fact, applied to the soil particles, it would be
most dangerous when subsurface flow moved along the
direction of the slope base. Although the Mohr’s circles in
shallow and middle parts at the 6.6 m longitudinal position
outside the landslide were larger than those at 5.6 m inside
the landslide, the descending angle between maximum shear
strain and steep slope base was also larger. Likewise the
descending angle between subsurface flow and steep slope
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Fig. 3 Changes in strain in the
form of a Mohr’s circle in
Experiment 1. (a) shallow; (b)
middle; and (c) deep parts at the
6.6 m longitudinal positions, and
(d) shallow; (e) middle; and (f)
deep parts at the 5.6 m
longitudinal positions

Shear Strain

5 & &
W N =
]

Shear Strain

Shear Strain

o
T

o
w

02}
01}

o}
0.1
02
-0.3 4

03—
02}
01F

ok

01}

02

500 s belore
60 s before

1 s before~

300 s bofore |

1 1 1 1

-0.3 ‘
-0.2 -0.1

0 01 02 03 0
Normal Strain

Shear Strain

Shear Strain

Shear Strain

03
0.2
0.1
0
-0.1
-0.2
-0.3

03
0.2
0.1

0

-0.1

021

-0.3

03
02
0.1

0

-0.1

02

-0.3

-0.2 -0.1

1 3 before

1 1 1

T T
500 s before

300 s before ™

60 s belore
1 1 1

1 s before i

I L] 1
1 s before

-

60 s before

500 s before

300 s before
1 |

0 041

02 03 04

Normal Strain



Changes in Shear Strain and Subsurface Flow Prior to Rainfall-Induced Landslide in. .. 85

= N N
th © O
I T

—
o O
T I

D e e
/ 66m |

Base (Degrees)
o
I

'
4}
T
|

&3
o

Base (Degrees)
A, a A NN
o OO O O O O O
1 I
1

]
w

T 1% ]
o O o

Base (Degrees)
(&)}

o

Sr46m 56 m &
_10 | | | | 1
600 500 400 300 200 100 0

Time before First Landslide (s)

Descending Angle to Slope® Descending Angle to Slope @ Descending Angle to Slope®

Fig. 4 Changes in descending angle between directions of maximum
shear strain and steep slope base in Experiment 1: (a) shallow; (b)
middle; (c) deep parts

base was larger at 6.6 m than that at the 5.6 m longitudinal
position. These indicated that directions of maximum shear
strain and subsurface flow correlated to the slope-base direc-
tion in the parts inside the landslide.

The changes in descending angles of maximum shear
strain and subsurface flow to steep slope base at 0.4 m
depth in Experiment 2 are shown in Fig. 6. The descending
angle of maximum shear strain ranged narrowly between 7°
and 12°. Although the descending angle of subsurface flow
ranged widely, it decreased to be smaller than 20° 1 s before
the landslide took place. A water table was formed along the
whole steep slope section, and the landslide appeared to
occur in the whole steep slope in Experiment 2.
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Concluding Remarks

Two landslides were induced in a large scale model by
artificial rainfall. Shear strain and subsurface flow before
the landslide took place were analysed. The side sections
of landslides are invisible on a natural slope and it is
impossible to conduct the strain analyses examined in
this study for natural landslides. The number of the
flume experiments is somewhat restricted, but the follow-
ing conclusions could be drawn regarding the rainfall-
induced landslides:

1. Although the sand layers were uniformly packed,
shear strain and subsurface flow behaviour were not
homogeneous.

2. Just before the landslide was triggered, water tables
formed in almost all steep slope sections. However, a
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sliding surface was not necessarily formed below the
water table.

3. Directions of maximum shear strain and subsurface flow
generally correlated to the slope-base direction in the parts
inside the landslide, indicating their possible influence on
landslide initiation.
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Geotechnical Properties of Landslide Sites in Korea
with Differing Geology

Young-Suk Song and Kyeong-Su Kim

Abstract

The goal of this study is to find out the relationship between geotechnical properties and
landslide occurrence in areas with differing geology in Korea. The soil properties were
measured in three study areas (Jangheung, Sangju and Pohang) which are underlain by
gneiss, granite and sedimentary rock, respectively. Many landslides occurred in these areas
during the rainy season. To investigate the factors that influence the landslides, a landslide
survey was made, and a series of laboratory soil tests were carried out. The results of soil
tests show that the average porosity of the soils originated from the gneiss of Jangheung and
the granite of Sangju is greater than that of soils originated from the sedimentary rocks of
Pohang. The average coefficient of permeability of the soils originating from the granite of
Sangju is higher than that of soils from the gneiss of Jangheung and the sedimentary rocks
of Pohang. The average coefficient of permeability of soils obtained from the landslide sites
is greater than that of soils obtained from landslide-free sites in the same geology. The
average shear strengths of soils obtained from the landslide sites are smaller than those of
soils obtained from the landslide-free sites. It is confirmed that soils with low shear strength
and high permeability are especially vulnerable to landslide occurrence.

Keywords
Landslides « Geology « Porosity « Permeability « Shear strength

Introduction The geotechnical properties are very important, because
most landslides occur in the soil layer or at the interface

In Korea, about 70 % of the total area is mountainous, and between the soil and the rock. The geotechnical properties

the annual precipitation ranges from 1,100 to 1,400 mm.
Most of this precipitation is concentrated in the rainy season
from June through September. Most landslides occur due to
heavy rainfall in this season. Previous studies have found
that the occurrence of landslides is mainly influenced by the
topography and precipitation (Lumb 1975; Caine 1980; Kim
et al. 1991; Van Asch et al. 1996; Iverson 2000; Onda et al.
2004).
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Korea Institute of Geoscience and Mineral Resources, Geologic
Environment Division, 124 Gwahang-no Yuseong-gu, Daejeon
305-350, South Korea

e-mail: yssong@kigam.re.kr; kks@kigam.re.kr

depend on the weathering grade and the geology (Lumb
1975; Hutchinson 1988; Wakatsuki et al. 2005; Matsushi
et al. 2006; Yalcin 2007). Topsoils consist of weathered
residual soils, debris material, and coarse rock fragments.
The soil properties are related to geological process and the
soils retain the characteristics of the parent rocks (Wolle and
Hachich 1989; Dykes 2002; Ahrendt and Zuquette 2003).
Soils deposited on the parent rocks are called residual soils.

To investigate the factors influencing landslides, the
properties of the topsoils that covered the slopes were
measured. Three study areas are selected to include different
geologies: granite, gneiss and sedimentary rocks. A land-
slide survey was carried out, and soil samples were obtained
from both the landslide sites and landslide-free sites in each

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 87
DOI 10.1007/978-3-319-05050-8_15, © Springer International Publishing Switzerland 2014


mailto:yssong@kigam.re.kr
mailto:kks@kigam.re.kr

88

Y.-S. Song and K.-S. Kim

Fig. 1 Landslide distribution and 37°52' 08.3"

the detailed survey section on a
geological map of the Jangheung
area (Lee et al. 1999)
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study area. Then, a series of laboratory soil tests were carried
out to measure the properties of the soils. Based on these
results, the relationship between landslide occurrence and
soil properties was analyzed and evaluated.

Landslide Occurrence Sites
Jangheung Area (Gneiss)

Many landslides occurred in the Jangheung area as a result
of 588 mm of rainfall over 4 days from August 4 through 7,
1998. A general field survey found that about 511 landslides
occurred in this area during that time. Based on the results of
the general field survey, a zone with a high frequency of
landslide occurrence was selected for a more detailed sur-
vey. A detailed field survey was performed for 77 landslides.

Figure 1 shows the landslide distribution map and the
detailed survey section on the geological map of Jangheung
(Lee et al. 1999). According to the geological map, granite is
distributed on the center part to the south and north, and banded
gneiss and porphyroblastic gneiss occur on both sides of the
granite zone. Landslides occur widely throughout Jangheung,
and an especially high frequency zone is located in Jangheung-
Myeon and its surroundings. The landslides mainly occur on the
gneiss zone of this area, so a detailed field survey was performed
there (Fig. 1). as a representative section of gneiss in this study.

Sangju Area (Granite)

Many landslides occurred in Sangju as a result of 522 mm of
rainfall over 3 days from August 10 through 12, 1998. The

M Landslides

37°33' 28.3"

general field survey found that about 788 landslides occurred
in this area during that time. A detailed field survey was
performed for 99 landslides in the zone with a high fre-
quency of landslide occurrence.

Figure 2 shows the landslide distribution map and the
detailed survey section on the geological map of the Sangju
area (Kim and Lee 1986). According to the geological map,
granite covers most of the area, with some areas of meta-
morphic and sedimentary rocks. Landslides occurred widely
throughout Sangju. A zone with an especially high fre-
quency of landslides is located in Hwaseo-Myeon and its
surroundings. Therefore, a detailed field survey was
performed in the granite zone, which is shown in Fig. 2, as
a representative section of granite.

Pohang Area (Sedimentary Rock)

Many landslides occurred in Pohang as a result of 150 mm
of rainfall over 2 days from July 25 through 26, 1998. The
general field survey found that about 283 landslides occurred
in this area during that time.

Figure 3 shows the landslide distribution map and
the detailed survey area on the geological map of the
Pohang area (Um et al. 1964). According to the geological
map, granites widely cover the area, and metamorphic
and sedimentary rocks are also distributed throughout the
area.

Several landslides occurred in two small zones. These
zones are mainly covered with Tertiary sedimentary rocks.
Therefore, a detailed field survey was performed at the two
zones, which are shown in Fig. 3, as representative sections
for sedimentary rocks.
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Soil Sample and Laboratory Tests

The topsoils on the bedrock mainly consist of weathered
residual soils, sedimentary materials and weathered rock
fragments. The properties of these materials may be related

P Landslides

35°55' 11.96"

to the geology of the parent rocks because the mineral
components of the soils are still present in the residual
soils on the rocks.

The undisturbed and disturbed soil samples were
obtained at depths of 40-60 cm from the ground surface
after removing the surface soils. To take the unsaturated
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soil samples on a site, the stainless ring sampler with 10 cm
diameter and 6 cm height was used. All soil samples were
packed in the field and then conveyed to the soil laboratory
to maintain the field conditions.

A series of the soil laboratory tests, including particle size
distribution tests (KS F 2302), particle density tests (KS F
2308), variable head permeability tests (KS F 2322), and
direct shear tests (KS F 2343) were carried out in accordance
with the procedures specified by the Korean Standard Asso-
ciation. The soil properties such as shear strength, perme-
ability, dry unit weight, and void ratio were measured and
calculated using the result of these tests.

In this study, a total of 60 soil samples were obtained
from the three study areas, i.e., 20 soil samples in each area
were collected for soil laboratory test. In particular ten soil
samples were collected at the landslide sites and another ten
soil samples were collected at the landslide-free site.

Geotechnical Properties
Void Ratio and Dry Unit Weight

Figure 4 shows the porosity and dry unit weight of soils
obtained from the three study areas. The average porosity of
soils obtained from the landslide sites is greater than that of
soils from the landslide-free sites. In addition, the average
dry unit weight of soils from the landslide sites is smaller
than that of soils from the landslide-free sites, indicating that
the soils from the landslide sites are more poorly graded or
looser than those from the landslide-free sites. In general,
poorly-graded soils and loose soils have large void spaces
and a small dry unit weight. Soils with high porosity or low
dry unit weight are particularly vulnerable to landslide
occurrence. In addition, the porosity and the dry unit weight
influence the occurrence of landslides in these areas.
According to the analyses, the porosities of soils that
originated from gneiss and granite are greater than that of
soils that originated from sedimentary rocks.

Permeability

Variable head permeability tests (KS F 2322) were
performed to measure the coefficient of permeability.
Figure 5 shows the average permeability coefficients of
soils obtained from sites in each area. In Jangheung, the
average coefficient of permeability at the landslide sites is
5.43 x 10~ cm/s, and that at the landslide-free sites is
433 x 102 cm/s. In Sangju, the average coefficient of
permeability at the landslide sites is 6.00 x 10~ cm/s, and
that at the landslide-free sites is 5.14 x 10~ cm/s. In
Pohang, the average coefficient of permeability at the

a 9 1.60
BLandslide
85 OLandslide-free [ 1-50
e
=
P E
é 80 1.40 5
2 B 130 =
8 .eb
s =]
£ 70 1.20 E
110 S
65 =
o 100 A
& ] -
Porosity Dry unit weight
b o0 1.60
ELandslide
85 OLandslide-free  [{1-80
S 5
X 80 140 S
z =
‘w75 130 =
[=1)]
:
£ 70 120 B
E
65 110 >
o
60 - L ——J1.00
Porosity Dry unit weight
c 9% 1.60
@ Landslide
85 OLandslidefree f| 159
S E
E'\_/ 80 1.40 %
2, 130 =
Z 75 =
o =1
S 120 =
A 70 ] - =
110 5
65 =
100 R
60 L - -
Dry unit weight

Fig. 4 Average porosity and average dry unit weight of soils in the
study areas (a) Gneiss (Jangheung area); (b) Granite (Sangju area);
(c¢) Sedimentary rock (Pohang area)

landslide sites is 4.78 x 1073 cm/s, and that at the
landslide-free sites is 3.90 x 10~ cm/s.

As shown in Fig. 5, the permeability of soils obtained
from the landslide sites was greater than that of soils from
the landslide-free sites in the same geology. The distinction
of the coefficient of permeability between the landslide sites
and the landslide-free sites can be seen in these figures, even
though the difference value is small.

The soils of Sangju are mainly composed of sands with
coarse particles originating from the granite. However, the
soils of Jangheung and Pohang are mainly composed of
sands with some fine particles originating from the gneiss
and sedimentary rocks, respectively. The coefficients of
permeability in Sangju are higher than those in Jangheung
and Pohang. This result might be caused by the particle size
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Fig. 5 Average coefficient of permeability of soils in the study areas
(a) Gneiss (Jangheung area); (b) Granite (Sangju area); (c) Sedimentary
rock (Pohang area)

and porosity of the soils. These soil properties originate from
the geologic properties of the parent rocks.

Shear Strength

The shear strength is one of the most important properties of
soil for determining whether a landslide will occur. This
property is strongly related to the ability to resist sliding
along internal surfaces within a soil mass. In a slope stability
problem, sliding and resisting forces are calculated using the
Mohr-Coulomb failure criterion. The shear strength is usu-
ally expressed as the cohesion and the internal friction angle.
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Fig. 6 Average internal friction angle of soils in the study areas.
(a) Gneiss (Jangheung area); (b) Granite (Sangju area); (¢) Sedimentary
rock (Pohang area)

These values are measured by the direct shear test (KS F
2343), considering field conditions.

Figure 6 shows the internal friction angles of the soils
obtained from the three study areas. Only the internal fric-
tion angles between the landslide sites and the landslide-free
sites are compared, because the cohesions of soils from the
landslide sites are very similar to those of the landslide-free
sites. In addition, the cohesions of the soils are very small
because the soils are sands.

In Jangheung, the average internal friction angle of the
soils from the landslide sites is 33°, and that of soils from the
landslide-free sites is 36°. In Sangju and Pohang, the average
internal friction angle of soils from the landslide sites is 34°,
and that of soils from the landslide-free sites is 36°.
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The average internal friction angles of soils from the
landslide sites are smaller than those of soils from the
landslide-free sites. It is confirmed that soils with low
shear strength are more vulnerable to landslide occurrence.

Conclusions

Most landslides in the natural terrain of Korea occur as
transitional failures at shallow soil depths during the rainy
season. Therefore, the geotechnical properties of the soils
and precipitation records should be investigated to know
the reasons for landslide occurrence. In this study, three
study areas (Jangheung, Sangju and Pohang) were
selected to find the relationship between geotechnical
properties and landslide occurrence, considering geology
and precipitation. Many landslides occurred in these three
areas during the rainy season. To investigate the factors
that influence landslides in more detail, a landslide survey
was performed and soil samples were obtained from both
the landslide sites and the landslide-free sites for labora-
tory soil tests.

According to the analysis results, the average porosity
of the soils obtained from the landslide sites is greater
than that of soils obtained from the landslide-free sites.
The average dry unit weight of soils from the landslide
sites is smaller than that of soils obtained from the
landslide-free sites. The average coefficient of permeabil-
ity of the soils from the landslide sites is greater than that
of soils from the landslide-free sites with the same
geology. The average shear strength of soils from the
landslide sites is smaller than that of soils from the
landslide-free sites. This result indicates that the soils
from the landslide sites are more poorly-graded or looser
than the soils from the landslide-free sites. Also, it is
confirmed that soils with low shear strength and high
permeability are especially vulnerable to landslide
occurrence.
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Modelling Fragmentation in Rock Avalanches

@ystein Thordén Haug, Matthias Rosenau, Karen Leever, and Onno Oncken

Abstract

The physical description of rock masses travelling down a slope is a complex problem,
involving bouncing, rolling, sliding, flowing, fracturing and/or combinations of these.
Modelling serves as a valuable tool to study these systems which are rarely monitored at
high resolution in nature. Often, granular models (e.g. loose sand) are used to study rock
avalanches in experimental simulations. For such granular models, one has to assume that
the rock mass disintegrates instantaneously after detachment and that fragment size does
not reduce further during the movement. We present a new method that overcomes this
limitation by simulating dynamically fragmenting gravitational mass movements.

We have developed a material that fails in a brittle manner at lab scale conditions. The
material is produced by cementing sand with gypsum (anhydrite) or potato starch, which
allows controlling the shear strength over a wide range. Experiments are performed by
releasing the material down a slope and monitoring with a digital camera at frequencies of
50 or 250 Hz. Two techniques are used to quantify the experimental results: particle image
velocimetry which quantifies the surface velocity field, and optical image analysis to derive
geometric (e.g. fragment size distribution) and mechanical properties (e.g. basal friction) of

the model.

Preliminary results from the experiments illustrate the different dynamics of the gravi-
tational mass movement as a function of shear strength.

Keywords

Rock avalanche « Fragmentation « Analogue material « Image analysis

Introduction

Rock avalanches are large (volume >10° m?) rapid gravita-
tional movements of rocks (Hsii 1975; Davies and
McSaveney 1999). Rock-avalanche deposits are often made
up of granular material with fragment sizes ranging from
meter sized boulders down to dust on a micro-meter scale
(Crosta et al. 2007; McSaveney and Davies 2007). The rock
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mass prior to the detachment can be assumed to have been
more or less intact (Locat et al. 2006), suggesting that the
deposits are the products of fragmentation processes occur-
ring during detachment (static fragmentation) and during the
travel (dynamic fragmentation).

Likely due to the shape and the granular nature of the
deposits, rock avalanches are often modelled as granular
flows both in analogue (Davies and McSaveney 1999;
Iverson et al. 2004; Shea and van Wyk de Vries 2008;
Dufresne 2012; Manzella and Labiouse 2012) and numerical
(Campbell et al. 1995; Mollon et al 2012) experiments.
However, using granular material to model rock avalanches
means assuming that dynamic fragmentation is negligible,
i.e., one assumes that the rocks instantaneously disintegrate

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 93
DOI 10.1007/978-3-319-05050-8_16, © Springer International Publishing Switzerland 2014
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after detachment and that no further fragmentation occurs
during the travel.

Few models have taken dynamic fragmentation during
rock avalanches into consideration (Imre et al. 2010; Bowman
et al. 2012) and these were performed in centrifuges, which
pose restrictions on the possible scales that can be studied.
Nevertheless, Bowman et al. (2012) showed that material that
fragmented dynamically caused a longer runout than that of
pre-fragmented material, suggesting that dynamic fragmenta-
tion is an important agent in rock-avalanche dynamics.

We study the effect of dynamic fragmentation in rock
avalanches at lab scale under normal gravity conditions. To
do this, a new rock-analogue material, and a method to
quantitatively analyse the dynamics of fragmenting model
avalanches have been developed. Compared to experiments
performed in a centrifuge, this approach has the advantage
that a wider range of scales can be studied and the potential
to simulate more realistically the full process from detach-
ment to deposition.

Analogue Material and Experimental Setup

According to the principle of model similarity (Hubbert
1937), the analogue material must behave in a dynamically
similar way to the rocks in natural rock avalanches. Ideally,
the material should therefore deform in a brittle manner with
limited elastic and ductile strains up to a certain critical
stress, beyond which the material breaks and deforms
irreversibly.

The material is created by cementing together well-rounded
fluvial quartz sand (average size ~300 pm) with a cementing
agent. In the tests reported here, the cementing agents
are gypsum (anhydrite) and potato starch (carbohydrate).
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The material properties are tested using a ring shear tester
(RST) and a uniaxial tester (AT).

Material Preparation and Properties

The sand and the cement are first mixed while dry, after-
wards a small amount of water (~10 wt%) is added and
everything is thoroughly mixed to yield a homogeneous
mass. The material is then placed inside a mould, and
compacted by hammering by hand.

The material hardens by either setting for 48 h at room
temperature (in the case of gypsum cement) or heating in a
900 W microwave oven for 15 min (in the case of potato
starch cement).

The shear strength of the material can be controlled by the
concentration of cementing agent. Systematic AT-tests of
the effect of concentration shows that the shear strength can
be varied between 1 and 10° kPa (Fig. 1). As seen in Fig. 1,
the shear strength achieved using gypsum cement (hereafter
called “g-cement”, Fig. la) varies from 1 to 10? kPa and
scales approximately linearly with the concentration. A
stronger material can be achieved using potato starch cement
(hereafter called “s-cement”). The correlation between the
shear strength and the concentration of potato starch is also
approximately linear and the shear strength of s-cement
varies between 10° and 10 kPa (Fig. 1b). The two data
sets (Fig. 1a, b) are seen to complement each other, allowing
us to vary the shear strength over six orders of magnitude.

The frictional properties of a low strength material,
g-cementg s (lower case number referring to concentration,
here 0.5 wt%), in comparison with loose sand, were tested
using the RST (Fig. 2). Typical shear stress curves obtained
from the RST are shown in Fig. 2a. In general, the shear
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stress curves show an increase of shear stress until it reaches
a peak (peak friction) when a shear fracture forms, followed
by a decrease to a constant shear stress level (kinetic fric-
tion). A similar curve to that presented in 2a, but with a
lower peak value, is obtained if a sample with an existing
shear fracture is sheared (static friction).

In Fig. 2b, c, d, the results of a series of RST tests are
presented. In these plots, the frictional strengths of
g-cement 5 is compared with that of loose sand for normal
stresses ranging from 0.5 to 20 kPa. The resulting linear
relationships can be modelled as a Mohr-Coulomb failure
envelope, the slope of which is the coefficient of friction and
the y-axis intercept is the cohesion. Accordingly, the co-
hesion of undeformed loose sand is in the order of 10 Pa,
while the cohesion of the g-cementys is in the order of
10 Pa (Fig. 2b). Importantly, the friction coefficients are
not influenced by cementing, nor is there any residual co-
hesion once a fracture has been created (Fig. 2c, d). The peak
static and kinetic coefficients of friction for both loose sand
and the cemented sand are 0.7, 0.6 and 0.55, respectively.

We conclude that increasing concentration of cementing
agent in the mix increases its primary cohesion, while the
other frictional properties remain constant. Due to the
small amount of cementing material, this is assumed for all
concentrations.

Experimental Setup

In our setup, rock avalanches can be modelled at lab scale by
a sudden release of material down a slope of 1-2 m length
and at an angle of 30°-60°. Past the slope, the angle changes
suddenly to 0° (Fig. 3). The experiments are monitored with
a digital camera at frequencies of 50 and 250 Hz and image
resolutions of 8.29 and 0.23 MPx, respectively.

Here we report the first series of experiments, consisting
of three runs on a 45° dipping slope, where only the shear
strength of the material is varied while all other parameters
are kept constant. Materials used in this series are 1.5 kg
samples of loose sand, g-cement, 5 and s-cement;. The shear
strength thus varies from 10, 10% to 10° Pa (assuming shear
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Fig. 3 Experimental setup

strength of sand ~ cohesion of sand). The camera frequency
during these experiments was 50 Hz at 8.29 MPx resolution.

The initial geometry of the released material is a rectan-
gular cube of dimension 0.15 x 0.15 x 0.04 m? lying on its
widest side. Additionally, a thin layer of red sand is added on
top of the samples (not to the loose sand) to increase contrast
for image analysis. The sliding base consists of glass plates.

Image Analysis

To quantify the experiments we use two types of image
analysis: Particle Image Velocimetry (PIV) and Optical
Image Analysis (OIA).

The goal of the image analysis is to measure deformation,
velocity and fragmentation through time. The first two
parameters are found using PIV, while the last point is
found using OIA.

Before any analysis, the images are calibrated, i.e.,
corrected for distortions and the differences in distances
between the different objects in the images and the camera.
This is done using the PIV software (PIV Strainmaster by
LaVision).

Particle Image Velocimetry

Particle Image Velocimetry (PIV) is used to monitor the
velocity and deformation of the surface of the sliding mate-
rial (Fig. 4a). The basic concept of the PIV method is to use
cross-correlation of patterns in sequential images to detect
the displacement of the pattern between the images (see
Adam et al. (2005) for a comprehensive description).

The patterns in question are, in fact, a specific distribution
of grayscale-intensities within a given interrogation window
(a smaller part of the image). For the analysis given here the
PIV-algorithm uses interrogation window sizes decreased
from 256 x 256 to 128 x 128 pixels with 75 % overlap.

Fig. 4 (a) Example of an experimental image showing a fragmented
block spreading on a horizontal plane. (b) Binary image of (a)

This results in velocity field resolution of 0.0563 m, at a
precision of 0.03 m/s.

Optical Image Analysis

Optical Image Analysis (OIA) is used here to quantify the
fragmentation process. The general strategy of OIA in our
approach is to convert the original image (Fig. 4a) to a binary
image (Fig. 4b) where the fragments are of value 1 (white)
and everything else is of value 0 (black). In this process, all
fragments below a size of 10 pixels are considered back-
ground. The binary image is created in three steps. In each
step a binary image is produced, and in the end all these are
combined into one final binary image (Fig. 4b).

The first binary image is produced by considering only
the red contribution to the RGB image. The image is
binarized by setting all pixels with intensity above a certain
limit to 1 and all below to 0. This process is called
thresholding. Since the top of the samples have a thin layer
of red sand (see Fig. 4a), this procedure captures most of the
larger fragments which have not rotated. The second binary
image is produced by converting the RGB image to gray-
scale and thresholding it. This method is most appropriate to
find the largest fragments. The third binary image is found
by differentiating in both directions across the grayscale
image, subtracting this from the original grayscale image,
and thresholding the resulting image. This procedure finds
the small fragments, and is also capable of extracting
fragments which are resting on top of sand (which is consi-
dered background).



Modelling Fragmentation in Rock Avalanches

97

Fig. 5 Images of experiments
with different cohesion (a) loose
sand (SS = 10" Pa), (b) g-
cementg s (SS = 10° Pa), and (c)
s-cement; (SS = 10° Pa)
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The sizes of the fragments are approximated by the areas
they project on the images and are given in equivalent
diameters.

Area

T

Additional to the fragmentation process, OIA is used to
monitor the area covered by the slide through time. In this
calculation, the area is found by considering all fragment
sizes. In practice, this is done by thresholding so that all the
sand and blocks are 1’s while the rest is 0.

Preliminary Observations and Interpretation

Figure 5 shows snapshots of three different experiments,
where the shear strength (SS) is varied from 10 (Fig. 5a),
10° Pa (Fig. 5b) to 10° Pa (Fig. 5¢). All other parameters are
kept constant. The sand, in Fig. 5a, can be described as
flowing, in contrast, the block in Fig 5c is sliding. The
fragmenting block (Fig. 5b) is at first seen to slide, until it
hits the knickpoint, at which point it breaks and spreads
across the horizontal plane. The longest runout is seen for
the intact block, and the second longest for the fragmenting
block, while the loose sand shows the shortest runout. This
may reflect the difference in energy consumption due to
internal deformation which is lowest for the intact block.

PIV-derived velocity fields of the experiments from
Fig. 5a, b is presented in Fig. 6. These show that the
behaviour of the two experiments is kinematically different
on the horizontal plane: While the loose sand avalanche has
higher displacement in the rear than in the front of the pile,
the cement slide-avalanche has higher displacement in the
front than in the rear. This suggests that the material in the
sand avalanche actively contracts while the g-cement, 5 ava-
lanche expands, in the direction of travelling.

The evolutions of areas of the slides are presented in
Fig. 7a and shed light on the role of basal contact area on
runout. The vertical line represents the time when the mate-
rial reaches the horizontal plane. For the experiment with
SS = 10" Pa (Fig. 5a) the area is seen to increase until ca.
0.2 s after reaching the plane, after which the area decreases
again. This behaviour reflects the active spreading and con-
traction during movement of the avalanche. For the experi-
ment shown in Fig. 5b (SS = 10° Pa) an initial increase is
seen, until a plateau is reached, the area increases again
directly after impact. The first increase is due to the sample
moving into the field of view, while the second reflects the
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Fig. 6 Snapshots of the velocity field calculated from the PIV for
experiments shown in Fig. 5a (a) and 5b (b)

spreading after fragmentation. For the experiment shown in
Fig. 5¢ (SS = 10° Pa) the area is seen to be more or less
constant, reflecting the rigid block-like behaviour of the
slide. Considering the differences in runout, one might
argue that the frictional energy dissipation is more pro-
nounced for low-cohesive material due to (a) the increase
of basal sliding area during acceleration in combination with
(b) frictional dissipation by compressive internal deforma-
tion during deceleration.

In Fig. 7b snapshots of the fragment size distribution
(FSD) are presented. The approximately linear trends of
the fragment size distributions suggest that they can be
described by power-laws where the exponent is given by
the slope. Interestingly, the slopes of the fragment size
distributions appear more or less constant through time,
while the distribution is shifted towards higher numbers in
time. This suggests that the fragmentation is a self-organized
(fractal) process.

Discussion
Limitations of the Approach

From Fig. 1, it is observed that that the uncertainty of the
shear strength (SS) increases with the strength, reflecting the
variability of the sample material under otherwise identical
preparation conditions. Most likely, this variability in shear
strength arises because the material is not completely homo-
genous. One might therefore expect the fragmentation to be
affected by the variability of the material and should not
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Fig. 7 (a) Basal area during slide g % 10°
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over-interpret single experiments. Instead, a large number of
experiments are needed to constrain uncertainty of experi-
mental results.

Even though the OIA finds fragments and their sizes,
there are some problems related to this approach. One is
that sometimes piles of sand may be interpreted as frag-
ments, even though they should not be. This error is mini-
mized by removing fragments with very elongated shapes. A
second problem is that shadows can cause separation of
larger fragments into several smaller ones. This effect is
dealt with by averaging over time. The OIA only takes into
account fragments larger than 10 pixels, equivalent to a
4.4 mm long fragment. A rough estimate of how much
material is below this level can be found by comparing the
total area of all fragments registered and the total are of the
entire slide. Such an estimate for the experiment presented in
Fig. 5a suggests that the latter is as much as 1 order of
magnitude larger. This can cause a bias of the fragment
size distribution to the coarser end of the distribution. How-
ever, if the fragment size distributions truly are scale-
invariant power laws, the exponent should remain the same
regardless of the resolution.

Comparison with Centrifuge Models

Similar to what Bowman et al. (2012) showed, we also see
that a fragmenting material travels further than a pre-
fragmented one (Fig. 5a, b), corroborating their interpreta-
tion that fragmentation can be viewed as an energy source.
Our results show, however, that an even longer runout is
achieved for an intact block. This may suggest that dynamic
fragmentation causes loss of cohesion, which causes higher
energy dissipation due to increased internal deformation and
larger basal friction (due to increased basal area).

Imre et al. (2010) found that their experimental fragment
size distribution was given by power laws and interprets this

T’ 10J " - v e—
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to be due to a fractal process. Our experimental fragment
size distributions are also well approximated by power laws.
However, a linear regression of the data in Fig. 7b reveals a
power law exponent of ~1 £ 0.2, this is steeper than the ~0.4
exponent found by Imre et al. (2010). Such a discrepancy
might be caused by our bias toward larger fragments. Imre
et al. also report a steeper slope for the larger fragments.

Conclusion and Outlook

We have developed a tool for studying fragmentation in
rock avalanches. Rock avalanches are modelled at lab
scale by releasing an analogue material down a slope.
The shear strength of the material can be controlled by the
amount of cementing agent added to the sand. Our image
analysis tool allows us to quantify the fragmentation
process and the following dynamics of the slide.

With this new tool, we plan to perform a parameter
study, to better understand the changes in dynamics and
energetics of a system of varying shear strength.
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Experimental Modelling for the Effect of Rainfall and
Earthquake on Slope Stability of Engineered Fill

Binod Tiwari, Santiago Caballero, and Wissam Zalzali

Abstract

The collapse of several houses in some residential developments in Sendai during the M9
Tohoku earthquake warranted the health monitoring of several slopes in southern
California. Majority of the houses developed in southern California are in engineered fill
and the qualities of compaction may not be sufficiently checked. Due to recent trend of
unpredictable rainfall and being located in the high seismic activity area, houses
constructed on slopes in southern CA have strong potential to slide during earthquake or
heavy rainfall. This study involves a systematic study of an engineered fill at Mission Viejo,
California for potential slide activities. The materials borrowed from the site were
compacted in a Plexiglass container at the field density, moisture content, and field slope
angle. The slope was poured with the 100 year return period rainfall expected in the area
using, a rain simulator. Variation in suction in the soil mass was recorded with duration of
rainfall. Slope stability analyses were performed to evaluate the effect of earthquake in
those slopes in reducing the factor of safety. The study result shows that the combined
effect of antecedent rainfall and seismic shaking has significantly high effect on slope
stability, compared to strong magnitudes of either rainfall or seismic acceleration acting

separately.

Keywords

Clay « Antecedent rainfall « Seismic shaking « Slope stability « Soil suction

Background

Landslides cause an annual loss of $1-2 billion (USGS).
Heavy rainfall, earthquake and associated hazards related
to these events such as typhoon, tsunami, hurricane etc. are
considered to be the major triggers of landslides. However,
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combined effects of earthquakes and rainfall were ignored in
the past. We have evidenced several high magnitude
earthquakes in recent years; many of them were either dur-
ing or slightly prior to or after the rainy season. These
earthquakes triggered several landslides. Therefore, the cur-
rent research works pertinent to landslides are focusing on
the combined effect of rainfall and earthquake. Several large
scale landslides occurred after the M9.0 Tohoku Earthquake
(Tiwari et al. 2013). More than 50 houses were damaged in a
built-in area that was developed on embankment slopes. The
area did not have much rainfall prior to the earthquake.
However, it is believed that the soil lost suction during the
heavy shaking that could have triggered the landslide.

With a desire to have a beautiful view, there is a growing
tendency in southern California to construct houses on
slopes. Majority of these houses are constructed on

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 101
DOI 10.1007/978-3-319-05050-8_17, © Springer International Publishing Switzerland 2014
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engineered fills. As the houses are mainly developed by the
real estate developers, the construction quality control may
not be as severe as required for the public infrastructures.
Therefore, stability of the slopes where these houses are
constructed should be checked for possible combined effect
of rainfall and earthquake. In this study, we considered a
case study of a site located in the city of Mission Viejo,
50 miles south of Los Angeles, California. The housing
community was developed around 1998, mostly on the
engineered fills. A total of 209 single family homes were
constructed. The landslide investigation that took place from
2005 to 2010 concluded that there is no slope movement.
However, some of the home owners were concerned that if
the area gets a good amount of rainfall for a long period
during an earthquake event, the slope may not remain stable.

The authors conducted field investigation and collected
soil samples from the slope. Soil samples collected from the
site were utilized to prepare slopes at various angles of
inclination in a model container, which were later subjected
to a rainfall of 21 mm/h for several days. The depth of
water front and values of suction at various locations were
measured during the rainfall event. The data obtained during
the experimental modelling was utilized to conduct slope
stability analysis and evaluate the stability of slope during
various magnitudes of ground shaking.

Results of Field Investigation

Site Condition

Presented in Fig. 1 is the google earth image of the study
area. As can be observed in Fig. 1, the property is located at
the corner of the filling and both east and south sides of
the building have slopes. During the field investigation, the
authors noticed that the area, especially at both banks of
the river, had several existing landslides. Two of those
landslides are presented in Fig. 2. The meandering pattern
of the river shows possible landslide events in the past on the
opposite bank of the river as well.

Close view of the south side of the slope, which will be
considered during this study is presented in Fig. 3. The area
is currently covered with grass. A good drainage network
has been constructed in the area. The authors didn’t detect
any cracks in those drains during the field investigation.
However, as presented in Figs. 4, 5, 6, and 7, cracks were
identified on stuccos, swimming pools, drive ways, and the
compound walls.

Field Investigation Result

Cross-section survey was conducted with a total station to
measure the details of the slope (Fig. 8). Likewise, position

Fig. 1

Old landslides

Fig. 2 Google earth image of the study area—two existing landslides
are clearly visible in the area

Fig. 3 Close view of the south side of the slope

of water table during the field investigation was measured at
an inclinometer located at the backyard of the building
(Fig. 9). At the time of survey i.e. December 2012, the
depth of water table was much lower than 21 m (limit of
the inclinometer) below the ground level. Soil samples were
collected from an excavation area, which is located near the
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Fig. 4 Cracks on the stucco of the building

Fig. 7 Separation of garage slab from the driveway—identified during
the field visit

Fig. 5 Separation of compound wall from the main building—
identified during the field visit

Fig. 8 Field surveying to prepare the cross-section of the slope

swimming pool (Fig. 10). Profile of the soil at the excavation

Fig. 6 Separation of pool walls from the floor slab—identified during ~ area is presented in Fig. 11. Plan and sections of the study
the field visit area are presented in Figs. 12 and 13, respectively.



104

B. Tiwari et al.

Fig. 10 Location of soil sampling point

As presented in Fig. 13, the embankment slope was
approximately 23.4°. This slope was utilized to prepare
experimental model of the slope in the laboratory.

Soil Test Result

The soil samples collected from the site is used to measure
geotechnical properties of soil. Grain size distribution anal-
ysis with both sieve and hydrometer analysis, Atterberg limit
tests, specific gravity test, falling head permeability tests,
Proctor compaction tests, and direct shear tests were
performed in the laboratory following the pertinent ASTM
standards. The field moisture content was 26.8 %. This
moisture content was slightly higher because the sprinkler
system was on a day prior to excavation. Field dry density
was 15.3 kN/m>. Liquid limit and plasticity indices of the
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Fig. 11 Close view of the compacted soil profile
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Fig. 12 Plan of the study area

soil were 44.1 and 10.8, respectively. Specific gravity of the
soil was 2.69. Proportions of sand, silt and clay were 10 %,
75 %, and 15 %, respectively. The maximum dry unit
weight and optimum moisture contents were 17.0 kN/m’
and 15.0 %, respectively. The direct shear test that was
conducted on the saturated soil sample showed the fully
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Fig. 13 Cross-section of the study slope
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Fig. 14 SWRCC prepared for the tested soil sample

softened shear strength of 23° with no cohesion. However, the
peak shear strength parameters (c and ¢) when the soil was
compacted at the field density were 11 kPa and 22°, respec-
tively. Soil Water Retention Characteristics Curve (SWRCC)
was prepared by measuring suction of soil prepared at various
degrees of saturation. Presented in Fig. 14 is the SWRCC
prepared for the tested soil sample. The result presented in
Fig. 14 was for the dry to wet cycle. The data for the wet to
dry cycle to complete the hysteresis is not presented here. The
SWRCC presented in Fig. 14 was used to estimate the values
of suction at different degrees of saturation.

Experimental Modeling

Experimental modelling of slopes were performed by many
researchers to evaluate the stability of slope during rainfall
(Orense et al. 2004; Tohari et al. 2007). Many of these
studies involved externally applied seepage. However,
the objective of this study was to evaluate the effect of
rainfall and seismic ground motion on the stability of the
proposed slope. Therefore, the soil samples collected from
the site were utilized to prepare the model slope at the
dry unit weight of 14.3 kN/m® and moisture content of
15 %. The soils were compacted at the relative density of
approximately 84 % to keep the model in a conservative
side. Slope of the model was kept close to the field slope.
Presented in Figs. 15, 16 and 17 are the photographs and
sketches of the experimental model.

Fig. 15 Photograph of the slope model after its completion
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Fig. 17 Location of tensiometers shown in section

The locations of four tensiometers that were used
to measure the suction during rainfall are shown in
Figs. 16 and 17. The internal dimension of the box was
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Fig. 18 Photograph of the sprinkler system
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Fig. 19 Depth of water front with duration of rainfall

1.08 x 1.08 m. Likewise, height of the model above 6 cm
thick gravel bed was 51 cm. Photograph of the sprinkler
system is presented in Fig. 18. A rainfall of 21 mm/h was
applied to the slope for different periods of rainfall and the
depths of water front were measured with time. Presented in
Fig. 19 is the depth of water front recorded with time. Please
note that amount of run-off was also recorded during the
experimental modeling. Average run-off was 7 mm/h.
This shows the net rainfall responsible for infiltration was
14 mm/h. As can be observed in Fig. 19, water could infiltrate
12 cm depth in 7 h. The seepage profile was steeper than the
slope. The average infiltration rate was 17 mm/h. Likewise,
suction values were measured during the application of rain-
fall. Recorded values of suction with time for the four tensi-
ometer locations presented in Figs. 16 and 17 are presented in
Fig. 20. As can be observed in Fig. 20, tensiometer T4 took
154 min to have suction reduced to 0, i.e. have the water front
reach T4. Likewise, it took 500 min for the water front to reach
T1. Water front never reached to T2 and T3.

Slope stability analyses were performed prior to rainfall
and for the measured values of suction after the completion

Time (min)

Fig. 20 Variation of suction with duration of rainfall

Table 1 Calculated factors of safety for various conditions of seepage
and seismic coefficients

Rainfall Rainfall Rainfall
Prior to After4 days  with k of with k of with k of
rainfall of rainfall 0.1 0.3 0.5
1.85 1.56 1.22 1.10 0.98

of the test i.e. 4 days of rainfall. Please note that the rainfall
lasted for 450 min and was stopped for 18 h on the first day;
continued for 166 min and stopped for 20 h on the second
day; continued for 330 min and stopped for 17 h on the third
day; and continued for 360 min on the fourth day. This
was done to simulate the real situation. The slope stability
analysis was performed with Spencer’s method using
“RocScience, Slide 6.0”. The total calculated building load
of 12.8 kPa was added on top of the slope as a uniformly
distributed load. Apparent cohesion and friction angles
measured at different suction levels were used to divide the
entire soil mass into different zones based on suction values.
At the end, factors of safety were also calculated for the
slope using seismic coefficients ranging from 0.1 through
0.5. The calculated factors of safety are presented in Table 1.
Based on the data presented in Table 1, the slope should be
stable when the seismic shaking is less than 0.3 g when 4
days of rainfall is applied as used in the experimental study.
However, a detailed study is underway to evaluate the sta-
bility of slope when the slope subjected to rainfall is shaken
on the shake table at different magnitudes of shaking.

Summary and Conclusion

Field investigation and laboratory tests were performed to
evaluate the effect of rainfall and seismic shaking on the
stability of an engineered slope. A case of a house that
was constructed near existing landslide was used for
this study. Experimental modelling was performed by
applying different amount (but same intensity) of rainfall
with durations ranging from 166 to 450 h for 4 days.
The values of suction recorded with the tensiometers
and water fronts marked during the modeling process
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were utilized to assign different soil boundaries for slope
stability analysis. The experimental result shows that the
slope will have safety factor higher than 1 under normal
amount of rainfall and at the seismic shaking of 0.3 g. As
this result is preliminary, detailed study is underway. It
should be noted that the results presented in this study are
mainly for academic purpose and should not be used for
any type of interpretation pertinent to the safety of the
houses in the study area. The actual situation in the field
depends on many factors and this result does not cover
those factors.
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Experimental Modelling of Seepage in a Sandy Slope

Binod Tiwari and Adam Lewis

Abstract

Rainfall-induced shallow landslides cause significant damage to infrastructure every year.
Among the major causes of shallow landslides is an increase in degree of saturation with
rainfall. Partially saturated slopes have high factors of safety due to the apparent cohesion
induced by soil suction. In this study, sandy soil was used to prepare slopes with four
different angles of inclination and two different void ratios. Utilizing a rain simulator, the
slopes were provided with different intensities and durations of rainfall, ranging from
30 mm/h to 240 mm/h. The movement of the water front was recorded during the rainfall
at an interval of 5 min. The experimentally recorded values for the depth of water front with
time was used to develop relationships between the velocity of seepage, void ratio and
angle of inclination of the sandy slope. The proposed equations can be utilized to evaluate
the stability of sandy slopes during rainfall.

Keywords
Partially saturated soil  Suction « Water front « Finite element analysis « Rainfall
intensity « Slope stability

weathered and loose residual soils to a significant depth.
Statistical data on the distribution of such shallow
landslides, their associated factors, and losses due to those
landslides are periodically reported in the literature.
Although shallow landslides are caused by many factors
such as rainfall, earthquakes, anthropogenic disturbances,
etc., rainfall is reported to be among the major causes.
Rainfall-induced shallow landslides often occur in margin-
ally stable slopes, and due to their proximity to various
important infrastructure such as roads and irrigation
channels, they are considered one of the most significant

Background

During rainy seasons, damage done by shallow landslides is
reported frequently in newspapers and television channels
all over the world. Potential of occurrence and possible
damage by these landslides are high in areas: (a) having
mountainous terrain, (b) subject to high intensity rainfall
for a prolonged duration, and (c) consisting of highly
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geo-environmental hazards that need immediate attention
(Orense et al. 2004). Several countries have therefore
implemented significant monitoring systems to observe the
real-time change in rainfall amounts and implement warning
systems based on an estimated threshold rainfall amount.
The increase in the number of landslides during and slightly
after heavy precipitation can be attributed to the saturation of
the ground and an increase in the unit weight, as well as to
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pore water pressure in the potential sliding zone. Decoupling
these triggering factors requires a detailed investigation on
the behavior of slopes during seepage under both partially
saturated and fully saturated conditions. However, there is
little systematic research on the mechanisms associated with
the infiltration of water into saturated and/or partially
saturated soil and its effect on the stability of slopes.

Results of numerical and experimental studies of the
seepage of rainwater into sloping ground and its effect on
slope stability have been frequently reported in the literature.
Orense et al. (2004) prepared slope models of silty sand
material in a 2.2 m long and 0.8 m wide container and
measured deformation and failure modes of soil for nine
different seepage conditions, ranging from artificially
prepared seepage from a side of the model tank to artificially
simulated rainfall through nozzles. Intensity of rainfall
varied from 80 to 262 mm/h across the model soil mass.
Model tests were performed on soils having relative
densities of 50 and 70 % and slope angles of 30° and 40°.
They reported that slope failure occurs when the soil around
the toe region becomes saturated, even though the remaining
part of the slope is still in just a partially saturated condition.
They also reported that water infiltration alone doesn’t cause
a failure of the slope if there is no seepage flow to raise the
pore water pressure at the toe. They argued that prediction of
slope failure is possible by monitoring the soil moisture
content. Please note that, in this study, pore pressure was
generated by supplying water from a side of the container
using a water tank. The rainfall intensity was not uniformly
applied in the model—rainfall intensity in one end was
higher than four times the intensity in the other end.

Similarly, Huat et al. (2006) performed an experimental
study of the mechanisms of water infiltration in unsaturated
soil slopes and evaluated the stability of the slope based on
the water infiltration behavior. Using a sandy soil sample,
they prepared inclined soil models at different slope
angles—0°, 15°, 30° and 45° (with the help of hydraulic
jack) and applied a rainfall of 756 mm/h through a sprinkler-
type rain simulator. They also measured soil suction at
various depths. Although the presented data did not fully
support the conclusion, the authors concluded that water
infiltration rate in a soil mass becomes constant after some
length of time of rainfall. They observed that the infiltration
rate decreases with an increase in the inclination of the slope.
They argued that the infiltration rate is higher on a covered
slope compared to a bare slope. Some of the major issues we
observed in this study were—the test results pertinent to
suction were not consistent, and the rainfall that was applied
in the inclined direction might have caused a non-uniform
distribution of rainfall intensity throughout the model.

In addition to the above mentioned experimental model
testing, Tohari et al. (2007) performed experimental studies

on a 2.0 x 1.0 x 1.5 m size metal tank to understand the
mechanism of slope failure on river sand as well as residual
granite at angles of inclination of 45° and 32°. This research
utilized three different relative densities of soil; a rainfall
intensity of 100 mm/h was utilized throughout the study.
They also studied the effect of seepage on slope stability by
supplying water from the head of the slope using a constant
head water tank. The variation in the degrees of saturation
with time was measured with moisture sensors. They
concluded that the permeability of the soil and antecedent
soil moisture conditions control the slope stability. In this
study, time to initiate the failure was observed experimen-
tally without measuring the soil suction and the depth of the
water front with time. Moreover, analysis of partially
saturated condition was loosely described.

Among the studies available in the literature, none of the
studies incorporated the combined effect of soil suction,
rainfall intensity, and angle of inclination of slopes in trig-
gering shallow landslides. Moreover, either the rainfall
intensities were non-uniform throughout the slope or were
much higher than the reported rainfall intensities in various
parts of the world. In our study, experimental studies were
performed in a systematic manner to observe the infiltration
of water in sandy soil, variation in suction with intensity and
duration of rainfall and the effect of water infiltration as well
as change in suction on slope stability.

Materials and Methods
Experimental Modeling

Experimental models were prepared with double washed
sand. The proportion of sand was approximately 90 %,
with approximately 5 % fines. The soil was classified as
SW material according to USCS. Specific gravity of the
sand was 2.65. Horizontal and vertical coefficients of per-
meability of the sand were 8.0 x 107> cm/s and
43 x 1072 cm/s, respectively. A 1.22 x 1.22 x 1.22 m
sized Plexiglas container was used to prepare the models.
The Plexiglas container provides visibility to mark the depth
of water front at various durations of rainfall. The rain
simulator that was used in this study was made of 16 special
sprinkler heads arranged in such a way that flow of water
could be controlled in the sprinkler system in order to vary
the intensity of rainfall from 18 to 360 mm/h. Separate slope
models were prepared at angles of inclination of 0°, 30°, 40°,
45° and 50° by compacting soil in the container at the void
ratio of 0.6 (40° slope) and 0.7. The experimental set-up is
presented in Fig. 1. Four tensiometers were installed in the
slopes, as presented in Fig. 2, in order to measure the spatial
variation in suction with the duration of rainfall. The
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Fig. 1 Plexiglas container with slope made of the double washed sand
at 45 and 50° inclinations, and rain simulator used in this study

450 slope

Fig. 2 Location of tensiometers within slope. A tensiometer is shown
on the top right corner

tensiometers used in this study were miniature tensiometers
with a 0.5 cm? surface area and 5 mm tip size (T5 type),
supplied by the Decagon Devices. The tensiometer can mea-
sure pore pressures ranging from —100 to +85 kPa with an
accuracy of £0.5 kPa. Slopes with angles of inclination of
0°, 40°, and 45° were first subjected to a rainfall with an
intensity of 240 mm/h. Then, slopes with angles of inclina-
tion of 30, 45, and 50 were subjected to the rainfall with an
intensity of 30 mm/h for 3 h. The movement of the water
front was marked at the boundary of slope around the Plexi-
glas container every 15 min and the values of suctions were
recorded every minute.
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Fig. 3 Depth of water front on a flat slope subjected to 240 mm/h of
rainfall, recorded at different periods
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Fig. 4 Depth of water front on 45° slope having 240 mm/h of rainfall,
recorded at different periods

Results of the Study

The depth of water front with time can approximately reveal
the rate of infiltration of water into the soil mass. Depth of
the water front is an approximate indicator that illustrates
nearly saturation of soil as the soil above the water front (in
case of rain water percolating downwards) is considered to
be close to saturation, although it may not be fully saturated.
Presented in Figs. 3, 4, and 5 are the depth of water front in
those models prepared at 0°, 45° and 40° slopes, respectively
with a void ratio of 0.7. As could be observed in Fig. 3, the
water front reached a 10 cm height (equivalent to 46 cm
depth) in 20 min. As the slope was flat, the depth of the water
front was expected to be uniform throughout the model.
However, there were small spatial variations in the depth
of the water front at different locations. This can be
attributed to several factors, including a slight spatial varia-
tion in compaction densities of soil and in rainfall amount.
As the variation was not unacceptably high, the experimen-
tal results were considered reasonable. As observed in these
figures, the water front traveled an approximately 46 cm
vertical distance in 20 min in all slopes. In slopes (Figs. 4
and 5), the advance of the water front was approximately
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Fig. 5 Depth of water front on 40° slope having 240 mm/h of rainfall,
recorded at different periods
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Fig. 6 Depth of water front on 40° slope and void ratio of 0.6 having
240 mm/h of rainfall, recorded at different periods

parallel to the slope. This is inconsistent with the reports
available in the literature (Pradel and Raad 1993). Figure 6
also illustrates the depth of water front in the 40° slope
model prepared at the void ratio of 0.6. Figure 6 shows that
although the depth of the water front was parallel to the
slope, the rate of infiltration (i.e., the rate of movement of
the water front) is lower in the soil compacted at the void
ratio of 0.6 (denser soil) compared to the soil compacted at
the void ratio of 0.7 (looser soil). This is reasonable as the
hydraulic conductivity of soil decreases with the decrease in
void ratio.

Presented in Figs. 7 and 8 are the depths of water fronts at
different periods on 45° and 30° slopes, respectively when
those slopes were subjected to 30 mm/h of rainfall. The rate
of movement of water front was much slower than that with
4 mm/min of rainfall. As it can be observed in Figs. 7 and 8,
the rate of movement of the water front within the slope
(location b) is much faster than the rate of movement of the
water front in the flat portion on top of the slope (location a).
This can be attributed to the movement of water in an
inclined direction, especially for the saturated soil above
the water front. However, the angle of inclination of the
water front was less than the angle of inclination of the
slopes. In the case of the slope with a 30° angle of

Length (cm)

Fig. 7 Depth of water front on 45° slope having 30 mm/h of rainfall,
recorded at different periods
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Fig. 8 Depth of water front on 30° slope having 30 mm/h of rainfall,
recorded at different periods
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Fig. 9 Variation in suction with duration of rainfall at locations
described in Fig. 2 for a 45° slope

inclination, it was observed that once the flat portion near
the toe (location c) became saturated, it completely filled the
drainage layer and started to supply water in the horizontal
direction as well. Therefore, the data below the dotted line
(indicated as seepage) is not considered for further analysis.

Figure 9 illustrates the values of suction observed at four
locations, described in Fig. 2. The initial suction at four
locations prior to rainfall ranged from 5.5 to 6.5 kPa. The soil
at the top (near tensiometer #4) required approximately 60 min
to reduce the suction close to 0 kPa, whereas the soil near the
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Fig. 10 Variation in travel distance of water front with duration of rainfall at locations a, b, and c in slopes with inclinations of 0, 40 (void ratio of

0.7), 45, and 40 (void ratio of 0.6) degrees, respectively

bottom of the slope (near tensiometer #1) required almost
120 min to drop the suction to 0 kPa. Please note that due to
the sensitivity of the tensiometer used in this study (i.e.
40.5 kPa), measured suction may give an error of up to
0.5 kPa. The tensiometers installed at other two locations
within the slope also needed more than 60 min to become
saturated. The rates of change in suction with time at all four
locations were different. Locations near tensiometers 2 and 3
showed similar pattern in the reduction of suction with time.
Results presented in Fig. 9 show that the water fronts were not
able to progress to tensiometer #1 in 30 min and to
tensiometers #s 2 and 3 in 60 min, after the initiation of rainfall.

Analysis of Test Results and Discussion

The main objective of this study was to identify a method
that can be used to calculate the velocity of the movement of
the water front in a sandy slope based on the intensity of

rainfall. Such relationships are beneficial in predicting the
movement of water front at different intensities and
durations of rainfall and evaluating the stability of slopes.
Presented in Fig. 10 are the travel distances of the water front
plotted with time at locations a, b, and c, for 0°, 40° and 45°
slopes, respectively when they were subjected to a rainfall of
240 mm/h. The movement of the water front showed a
parabolic correlation with time, as presented in (1), (2),
and (3). These equations are utilized later to develop the
relationships between velocity of movement of the water
front with the intensity of rainfall. As can be observed in
Fig. 10, the movements of the water front at location b were
faster than that at location a, although they are not signifi-
cantly different for such a high intensity of rainfall. The
velocity of the water front for a saturated soil mass can be
calculated theoretically with (4) (Pradel and Raad 1993).
The depth of the water front with time was also calculated
using (4). For durations larger than 5 min of rainfall, the
values calculated with the Eq. (4) were similar to the values
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357 regression equation is presented in (5). Please note that the
= velocity of the water front remains constant when the inten-
E i sity of rainfall is higher than the rate of infiltration in a soil
E 251 mass. The rate of infiltration (V) for saturated flow can be
e calculated using the Green and Ampt (1911) model, as
& 20/ presented in (6). For the soil slopes presented in this study,
8 the calculated rate of infiltration for saturated soil is approx-
18 imately 5 mm/min. However, it should be noted that the
'g ind hydraulic conductivity of the soil changes with the degree
T of saturation. The seepage velocity calculated with (6)
% 054 applies to saturated soil. For partially saturated soil, the
~ — velocity of flow could be as low as 10 % of this velocity.
e . ! z : z ; This is the subject of separate research.

Intensity of Rainfall (mm/min)

Fig. 11 Change in the velocity of the water front with the intensity of
rainfall for a shorter duration of rainfall

obtained from the experimental modeling on the flat surface.
Calculated values using (4) were slightly higher than the
experimentally observed values at location a in the sloped
models. However, the calculated values were similar to the
observed values at location b, irrespective of the angle of
inclination of the slope. As can be observed in Fig. 10, the
rate of movement of the water front in soil with a void ratio
of 0.6 was approximately 15 % slower than the movement in
soil with a void ratio of 0.7.

Z, = —0.091T% + 4.079T (1)
Where, Z,, = Depth of water front in cm.; T = Time
duration in minutes.

Z, = —0.008T% +2.366T (2)

Z, = —0.063T% +3.406T

_L . S+ZW
Tw=1 {zw S.ln( g )}

where T,, = Time required for water front to move a dis-
tance Z; P = difference in volumetric water content before
and after wetting; K,, = Saturated hydraulic conductivity;
and S = Suction head at the water front.

Among the various objectives of this study was develop-
ing a relationship between the velocity of movement of the
water front in a slope with the intensity of rainfall. The
relationship was exponential for durations of rainfall shorter
than 10 min. For durations of rainfall longer than 20 min, a
second-order parabolic correlation was observed between
the velocity of movement of the water front with the inten-
sity of rainfall, as presented in Fig. 11. The corresponding

(3)

(4)

Vi =0.1917* +0.0331 (5)

Zy+S

Vis = K, 6
Z. (6)

The experimentally observed values showed that the
velocities of movement of water front were higher when
the angle of inclination of slope was higher at locations b
and c. This justifies that once gets close to saturation, water
moves in an inclined direction as well.

Summary and Conclusion

Experimental modelling was conducted in order to inves-
tigate the variation in the depth of the water front and
spatial distribution of suction in sandy slopes for slopes
ranging from 0° to 50° and intensities of rainfall of 30 and
240 mm/h. The results obtained from the experimental
studies show that infiltration velocity increases with the
intensity of rainfall. The infiltration velocity depends on
the angle of inclination of the slope and initial degree of
saturation. For soils with a high degree of saturation and a
high intensity of rainfall, the movement of the water front
is parallel to the slope.
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Curvature of Failure Envelopes for Normally
Consolidated Clays

Binod Tiwari and Beena Ajmera

Abstract

Shear strength parameters play an important role in the stability of slopes. Accuracy of the
analysis result depends on the nature of the failure envelopes used, especially in the case of
shallow landslides, where the shear strength is mobilized at low effective vertical stresses
(/). Ten normally consolidated samples prepared from mixtures of montmorillonite,
kaolinite and quartz were sheared in a constant volume simple shear device at the normal
stresses ranging from 25 to 800 kPa. From the results, it was noted that correlations for
undrained shear strength should be selected with respect to the anticipated failure mecha-
nism. The power function can be used to represent the curvature in failure envelopes. Direct
shear results suggests a lack of curvature in the effective failure envelopes for normally
consolidated clays. However, results from the simple shear testing show that failure
envelopes are curved for low effective normal stresses and thus, the use of a linear ¢'—¢/’
envelope can be unconservative for shallow landslides.

Keywords
Undrained shear strength
minerals « Slope stability

Background

Shallow landslides and underground excavations pose some
of the most challenging problems in geotechnical engineer-
ing. In these situations, there is a redistribution of stresses
occurring under very low confining stresses. Therefore, an
overestimation of the shear strengths may result when linear
failure envelopes are assumed. Studies such as Baker (2004),
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Pradel (1994) and Maksimovic (1989) have shown that
failure envelopes are not linear at low effective vertical
stresses. However, all three studies focused on coarse-
grained materials or compacted clays. Furthermore, the
strength of these materials was studied when the soils were
isotropically consolidated in the triaxial device at effective
stresses greater than 50 kPa. Bishop et al. (1965) also
conducted CU triaxial tests on London clay for effective
vertical stresses between 0.2 to 1,100 psi. They noted that
the failure envelope has a very distinct curvature. Ponce and
Bell (1971) used triaxial testing to apply effective stresses of
0.14-0.22 psi on sand. The failure envelope was also noted
to be curved at low effective stresses.

Since field conditions are anisotropic and the curvature is
most significant at low effective stresses, there is still a lack
of thorough understanding of the curvature at effective
normal stresses lower than 50 kPa for normally consolidated
clays. In part, this can be attributed to the difficulty
associated with maintaining low stresses in the drained ring
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shear and direct shear tests. Possible alternatives are to
conduct constant volume simple shear tests or CU triaxial
tests so that for the same total normal stress, a lower effec-
tive normal stress can be measured as a result of pore
pressure generation during the shearing process. In fact, the
first simple shear device probably introduced by Taylor
(1952) as a modification to the conventional direct shear
device to allow drainage control in order to reduce the time
required to obtain effective shear strength measurements. In
his paper, he concluded by stating that “direct shear data
obtained under properly controlled conditions are probably
sufficient for the great majority of investigation and they can
be obtained in much less time than required for triaxial
data.” Airey et al. (1985), Airey and Wood (1987), Ladd
(1991), and Baxter et al. (2010) stated that the simple shear
device has many advantages over the triaxial device includ-
ing the following: (a) The sample preparation is easier;
(b) The failure mechanism of the direct shear device is
better resembled by the simple shear device than the triaxial
device; Simple shear requires the use of significantly smaller
samples, which are less susceptibility to disturbance during
preparation; (c) The samples are consolidated under aniso-
tropic (K,) conditions, which resembles the in-situ
conditions better than isotropically consolidated samples
from the triaxial apparatus; (d) Simple shear device requires
shorter consolidation times; and (e) Principal stress rotation
is allowed.

Evans (1972) stated a very common geotechnical concern
in Southern California is surficial failures that occur in
compacted clay slopes after extended periods of rain. In
particular, Gill (1967) estimated that for developed
properties that the surficial slope failures account for 95 %
of the problems associated with land movements. These
failures are a result of swelling of the clays that have
desiccated and shrunken during the hot and dry summers.
The swelling is caused by the water seeping through the
cracks within the soil mass resulting in saturations, which
is associated with a loss of strength and a reduction in
effective vertical stress (Day and Axten 1989). Day and
Axten (1989) as well as Zaruba and Mencl (1976) found
that at low normal stresses the cohesion is very small. More-
over, they stated that the cohesion approaches zero, thus,
suggesting curvature of the failure envelope. Day and Axten
(1989) concluded that as a result of the decreasing cohesion
as the effective stress reduces, the factor of safety estimated
is dependent in the normal stresses used to determine the
strength parameters. Moreover, when the high normal stress
parameters are used for shallow landslides, the factor of
safety can be overestimated leading to failures.

Penman (1953) tested dry powder silt from Braehead
Power Station, Scotland. The silt has a liquid limit of 24.6
and the plastic limit could not be determined. The silt was
tested under drained conditions for normal stresses of 15, 30,

60, and 100 psi. Undrained testing was conducted for a
normal stress of 5 psi. It should be noted that the failure
envelopes presented in the paper were linear. However,
Penman (1953) stated that the failure envelope of the silt
under undrained conditions varied with the confining pres-
sure applied. In particular, the silt was stated to have a failure
envelope with a cohesion intercept and non-zero friction
angle until a limiting cell pressure beyond which the failure
envelope is horizontal (zero friction angle). In the case of the
silt tested, the limited cell pressure was found to be approxi-
mately 65 psi.

Materials and Methods

Commercially available minerals were used to prepare ten
different proportions of montmorillonite with quartz and
kaolinite with quartz. The liquid limit of these specimens
ranged from 8 to 61 and plasticity indices ranged from 4 to
21. A soil-water mixture for each sample was prepared
by mixing the appropriate amounts of the dry mixtures by
weight with an initial moisture content equal to the
corresponding liquid limit. The initial moisture content was
set equal to the liquid limit based on the recommendations
by Burland (1990). Furthermore, this initial moisture content
is consistent with that selected by Tiwari and Ajmera (2011)
for direct shear testing and thus, allows for comparison
between the results. Each sample was then allowed to
hydrate for a period of 24 h in an air tight container with
special attention to ensure that there was no loss of moisture
during this time. After the hydration period, the soil-water
mixture was stirred in a batch-mixer to form a slurry. The
slurry was then placed into the simple shear device, laterally
confined by a rubber membrane and stacked Teflon rings.
The sample was then consolidated with an effective vertical
stress of 25 kPa. The completion of the primary consolida-
tion was determined via the use of the real-time log of time
versus vertical deformation curves generated by the fully
automated data acquisition and reporting system connected
to the simple shear device. Upon the completion of the
primary consolidation phase, shearing rate was calculated
based on the ASTM procedure. The calculated shearing rates
for all of the specimens were faster than 0.01 mm/min.
Therefore, the consolidated samples were sheared at a rate
of 0.01 mm/min, to be in a conservative side. At the end of
the test, the entire sample was removed from the apparatus
and oven dried for 24 h in order to determine the dry weight.
Separate samples from the same batch were consolidated to
vertical stresses of 50, 100, 200, 400, and 800 kPa and
sheared. In this study, the pore water pressure was back-
calculated from the change in the effective vertical stress in
order to maintain constant volume of the sample (Airey and
Wood 1987; Bjerrum and Landva 1966; Dyvik et al. 1987).
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The resistance of the membrane and the stacked Teflon
rings was determined by shearing a sample full of water at a
rate of 1 mm/min. A regression curve between shearing
resistance and shear deformation was determined and used
to subtract the shearing resistance obtained for the
corresponding shear displacements for all the soil samples.

Results of the Study

A typical shear stress versus strain plot is shown in Fig. 1 for
the entire range of normal stresses for one sample. A typical
pore pressure versus strain plot is shown in Fig. 2 and the
stress paths are shown in Fig. 3. As expected the shear stress
and the pore pressure increases as the consolidation pressure
increases. Moreover, as the consolidation pressure increases,
more signification strain softening was observed. Similar
trends were observed for the remaining samples.

Undrained Strength Ratios

There are two well-known and commonly used trends for
estimating the undrained strength ratios. The first was pro-
posed by Skempton (1957) and the second by Ladd (1991).
Both of these correlations are applicable for use when deal-
ing with low plasticity soils. The results obtained in this
study were compared to the trends proposed by Skempton
(1957) and Ladd (1991) as shown in Fig. 4. As seen from
Fig. 4, Ladd’s equation accurately estimates the undrained
strength ratio for the majority of the data. Although there
appears to be a large amount of scatter, the relationship
presented by Ladd (1991) contained approximately the
same amount of scatter.

Accuracy of Simple Shear Results for Drained
Conditions

As a result of the conclusions in Budhu (1984), it seems that
the suitability of the simple shear device for strength
measurements be evaluated in terms of the results obtained
on real soils rather than theoretical simulations. In fact,
many researchers have compared the results obtained from
the simple shear device to those obtained with more conven-
tional techniques. One such study was completed by
Bjerrum and Landva (1966), which tested undisturbed
samples using the vane shear, triaxial and simple shear
apparatuses. They found that the results from the simple
shear device were closer to those obtained in the field with
the use of the vane shear device as well as those back-
calculated in slope failures in comparison to those from the
triaxial device. In fact, the triaxial test results were
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considerably higher than those measured in the field and
therefore, leading to failures. Similar results were found by
Ladd and Edgers (1972) when simple shear results were
compared to those obtained from the back-analysis of failed
embankments. The results obtained in this study from the
simple shear device were compared to those presented by
Tiwari and Ajmera (2011) for the same samples obtained
with the use of the direct shear device. A comparison of the
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failure envelopes is shown in Fig. 5. As expected, the
undrained shear strength is less than that of the effective
shear strength. However, it can be seen that the results from
the simple shear match very well with the results from the
direct shear device. The trends obtained for other samples
were similar. Figure 6 shows a comparison of the friction
angles measured from the simple shear device to those
measured from the direct shear device. It can be seen that
the simple shear results were within £8 % of the direct
shear results.

Curvature of the Failure Envelopes

Tiwari and Ajmera (2011) tested normally mineral mixtures
in the direct shear device at effective normal stresses of 50,
100, 150, and 200 kPa. From their results, they suggested
that failure envelopes are linear based on visual inspection.
In order to numerically determine the lack of curvature, the
power function, shown in (1), was fitted to the data provided.
In (1), T is the shear stress, p, is the atmospheric pressure, o,/
is the effective normal stress, while A and B are correlation

0 5 0 15 20 25 30 35
Direct Shear Friction Angle, ¢'5s (Degrees)

Fig. 6 Comparison of effective friction angles obtained with direct
and simple shear tests

parameters. Furthermore, note that B represents the curva-
ture of the graph. Note that a property of the power function
is that it will always pass through the origin of the graph
regardless of the values of A and B.

/p, = A(od /p,)" (1)

The correlation coefficients for A and B were calculated
for the direct shear data. Itwas observed that the value of B is
approximately one for all of the samples except for one.
Therefore, the failure envelopes obtained from the direct
shear device are linear with zero cohesion.

Visually inspecting the failure envelopes over the entire
range of normal stresses tested, through figures similar to
that in Fig. 5, suggests that the failure envelopes are linear.
However, examination of the failure envelope for the range
of effective vertical stresses less than 100 kPa reveals curva-
ture. For Sample #5, the failure envelope for effective verti-
cal stresses less than 100 kPa is shown in Fig. 7. Although
similar figures were prepared for the remaining nine
samples, the results are not presented here due to the space
limitations. However, similar trends were observed for all of
the samples. As Fig. 7 shows, the best-fit linear envelope
would have some cohesion. However, the data presented is
for a normally consolidated sample that has not aged and
therefore, there should no cohesion. Thus, the failure enve-
lope must be curved.

Curvature is also noted when the secant friction angle is
plotted against the effective normal stress. As the effective
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normal stress increases, the effective secant friction angle
reduces with a greater sensitivity at lower effective vertical
stresses. The sensitivity advocates that the curvature is
greater at lower effective stresses. This is necessary in
order for the failure envelope to pass through the origin.
As with the direct shear data, the A and B parameters were
calculated for the simple shear measurement. Except for one
sample, B was significantly less than 1. Therefore, using the
properties of the power function, the failure envelopes were
indeed curved.

Influence of the Curved Failure Envelopes
on Slope Stability Analysis

Day and Axten (1989) analyzed a fictional slope with sides
at 1.5 horizontal to 1 vertical using the strength parameters
obtained at high effective stress and those obtained at low
effective stresses. Specifically, for the high effective stress
parameters, the material was said to have a higher cohesion
and a lower friction angle than those obtained for low effec-
tive stresses. They found that the slope had an acceptable
factor of safety of 2.0 with high effective stress parameters
and an unacceptable factor of safety of 0.8 with the strength
parameters obtained low effective stresses.

In this study, a shallow slope in Nepal was analyzed using
RocScience Slide 6.0. The cross-section of the slope along
with the location ground water table and the sliding surface
that caused failure is shown in Fig. 8. The material in the
slope is assumed to be homogenous and anisotropically
consolidated for K, conditions. Moreover, the material in
the slope was similar to that presented in the above figures.
The slope was analyzed for four different failure conditions.
The envelopes used are as follows: (a) Linear ¢/—¢’ Enve-
lope; (b) Linear ¢’ = 0 Envelope; (¢) Curved Effective
Envelope; (d) Undrained Linear Envelope. Spencer’s
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Water Table
Sliding Surface
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Fig. 8 Cross section of the shallow landslide
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Fig. 9 Cross section of the deep seated landslide

method was used for the analysis. It should be noted the
undrained failure envelopes for all of the samples were
linear with zero cohesion. The results for all of the envelopes
show the facors of safety of 1.2, 1.0, 0.9, and 0.4 for the
cases a, b, ¢, and d, resoectively. Using traditional linear
¢’-¢’ envelope would predict a factor of safety about 22 %
higher, and therefore, a safe slope as a result of the cohesion.
However, the curved envelope suggests that that the slope
will fail.

Another slope in Nepal with the same material properties
was analyzed. However, the sliding surface for this landslide
is deep and the cross section with the water table is shown in
Fig. 9. The factor of safety was calculated for this sliding
surface using the four envelopes described above and the
results were 1.5, 1.5, 1.4, and 0.5, respectively.

These analyses explain that the curvature of the failure
has little effect on the calculated factor of safety for a deep
seated failure. It can be seen that the use of a linear ¢/—¢/’
envelope can be unconservative for shallow landslides.
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Summary and Conclusion

The undrained shear tests conducted on ten mineral
mixtures prepared from montmorillonite, kaolinite and
quartz were useful to make following conclusions: (a)
Correlations for undrained shear strength should be
selected with respect to the anticipated failure mecha-
nism, (b) The power function parameter B can be used
as a check for curvature, (c) Simple shear accurately
predicts drained shear strengths, (d) The failure envelopes
are curved for low effective normal stresses and thus, the
use of a linear ¢'—¢’ envelope can be unconservative for
shallow landslides.
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Experimental and Numerical Studies on the Effect
of Rainfall on Triggering Shallow Landslides

Binod Tiwari, Katsuyuki Kawai, Adam Lewis, and Phommachanh Viradeth

Abstract

Rainfall is considered one of the major triggering factors for shallow landslides. The effect
of rainfall in causing landslides depends on the intensity and duration of rainfall, the type of
soil, the inclination of the slope, and ground water conditions. The majority of slope
stability problems in shallow slides involve partially saturated soils. Although experimental
modelling of slopes subjected to various intensities and durations of rainfall are ideal to
evaluate the effect of rainfall on slope stability, it is time consuming and expensive.
Numerical simulation of such experimental modelling can save a great deal of time and
cost. In this study, slope models were prepared at angles of inclination of 30° and 45° with
double washed construction sand, at a void ratio of 0.7. The slopes were subjected to
30 mm/h of rainfall for 3 h. Spatial variation of suction during the rainfall and depth of
water front with time were measured for the entire rainfall period. The depth of water front
and spatial variation of suction were also calculated through the finite element model
(FEM) that was developed based on a hydro-mechanical model developed for the partially
saturated soil. The numerical and experimental results provided identical results. The
numerical result was extended to predict the spatial variation of suction, depth of water
front and deformation of slope subjected to higher intensity of rainfall.

Keywords
Partially saturated soil « Suction « Water front « Finite element analysis « Rainfall
intensity « Slope stability

Background

Damage caused by rainfall-triggered shallow landslides is
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well documented in the literature. Although shallow
landslides are caused by various factors such as rainfall,
earthquakes, and anthropogenic causes, statistics show that
rainfall-induced shallow landslides are much frequent than
landslides triggered by other factors. Fukuoka (1980)
reported that the annual number of documented landslides
in Japan exceed 10,000, and could reach 100,000, if
documented properly. Similar numbers of shallow landslides
are reported all over the world. The depth and steepness of
shallow landslides are reported to be 0.5-2 m and 30-50°,
respectively. Significant monitoring and warning systems

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 123
DOI 10.1007/978-3-319-05050-8_20, © Springer International Publishing Switzerland 2014
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have been implemented in various countries including USA,
Japan, and Italy, in order to predict potential shallow sliding
based on the calculated threshold rainfall amounts.

Various studies that have been conducted to evaluate the
effect of rainfall on the stability of shallow slides loosely
incorporate seepage conditions for partially saturated soils.
Moreover, the numerical simulation results have not been
verified with the experimental or field data. In this study, we
conducted experimental studies on the change in the depth of
water front and suction in soil with time and verified the
results with the results obtained from the fully coupled
hydro-mechanical model that was developed for partially
saturated soils. The numerical results were further utilized
to predict the velocity of movement of the water front based
on the intensity and duration of rainfall at different
inclinations of slopes. In this paper, the experimental
modelling results are described briefly, but the numerical
modelling results are described in more detail.

Materials and Methods
Experimental Modeling

Experimental models were prepared with double washed
sand. The proportion of sand was approximately 95 %,
with approximately 5 % fines. The soil was classified as
SW material according to USCS. Specific gravity of the
sand was 2.65. The horizontal and vertical coefficients of
permeability of the sand were 8.0 x 107° and
43 x 1073 cm/s, respectively. Soil water retention charac-
teristic curves were prepared by measuring suctions in soil
samples that were prepared in a 30 cm X 30 cm x 30 cm
containers at different degrees of saturation, both for dry to
wet and wet to dry cycles. A 1.22 m X 1.22 m X 1.22 m
sized Plexiglas container was used to prepare the models.
The Plexiglas container provides visibility to observe the
depth of the water front at various durations of rainfall.
The rain simulator used in this study was made of 16 special
sprinkler heads arranged in such a way that the flow of water
could be controlled in the sprinkler system in order to vary
the intensity of rainfall from 18 to 360 mm/h. Separate slope
models were prepared at angles of inclination of 30° and 45°
by compacting soil in the container at the void ratio of 0.7
(corresponding relative density of 30 %). The experimental
set-up is shown in Fig. 1. Four tensiometers were installed in
the slopes, as shown in Fig. 2, in order to measure the spatial
variation in suction with the duration of rainfall. The
tensiometers used in this study were miniature tensiometers
with a 0.5 cm? surface area and 5 mm tip size (TS type),
supplied by Decagon Devices. The tensiometer can measure
pore pressures ranging from —100 kPa to +85 kPa with an
accuracy of —0.5 kPa. Each slope was subjected to a rainfall

Fig. 1 Plexiglas container, slope made of double washed sand at a 30°
inclination, and the rain simulator used in this study

Location a

Location b

™4 459 slope
Location ¢
(@]
™ 3 l

Fig. 2 Location of tensiometers within the slope

having an intensity of 30 mm/h for 3 h. The movement of the
water front was marked at the boundary of the slope around
the Plexiglas container every 15 min and the values of
suction were recorded every minute.

Numerical Modeling

The soil-water-air coupled hydro-mechanical model devel-
oped by Kawai et al. (2007) was used in this study. Soil
water retention characteristics curves were used to calculate
the relationship between moisture content and suction.
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The procedure proposed by Kawai et al. (2009), based on the
approach recommended by Sugii and Uno (1996), was
utilized to evaluate the parameters of the soil water retention
characteristics of the tested soil sample. The equation
utilized for the shape of drying and wetting cycles, i.e., the
hysteresis of the soil water retention characteristics curves
are presented in Eq. (1).

S, — S 1

= 1
S —Sre 14 exp(A + Blog,s) (m

where,

S, is degree of saturation; S,, is degree of saturation at
s — 0; S, is degree of saturation at s — oo; s is initial
suction; and A and B are curve-fitting parameters.

In this study, a soil/water/air coupled finite element analy-
sis program was developed to evaluate the effect of rainfall on
the variation in suction. Darcy’s law applies for coefficients of
permeability of both water and air. The relationships devel-
oped, as presented in Egs. 2 and 3, were utilized in this study.

Darcy’s law for water permeability is calculated as:

v, = —K,, - grad h = —k,,,k,, - gradh (2)
on o
Ox Oy

Darcy’s law for air permeability is calculated as:

P, P,
v, = —K, - grad <p> = —k,.k, - grad <) (3)
w8 Pw8
0 ( - ) ¢ ( - )
P, , ,
Here, grad (—) = w8 + w8

» 0x Oy

Several functions of water and air permeability have been
proposed in the literature. In this study, the equation pro-
posed by Mualem (1974) for water permeability and the
equation proposed by Van Genuchten (1980) for air perme-
ability of unsaturated soil were used. The equations for the
ratios of water and air permeability with the permeability of
saturated soil (K., and K, respectively, herein after referred
as the relative coefficient of permeability) are presented in
Egs. 4 and 5, respectively. Water permeability of soil is:

ke = S = (1= se%)mr

Here, gradh =

(4)

Air permeability is calculated as:

1\ 2m (5)
ka = (1= 50 (1-5)
where, m is Mualem’s coefficient, which is taken as 0.8 in
this study; y is a shape parameter, which ranges between
0.33 and 0.50, and S, is effective degree of saturation.
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Fig. 3 Depth of water front at different durations of rainfall in model
numbers 8 (fop) and 7 (bottom)

Results of the Study
Experimental Modeling

The variation in the depth of water front that was recorded at
30 min intervals in slopes having angles of inclinations of
45° and 30° are presented in Fig. 3. As it can be seen in
Fig. 3, the rate of movement of the water front within the
slope is much faster than the rate of movement of water front
in the flat portion at the top of the slope. This can be
attributed to the movement of water in an inclined direction,
especially for the saturated soil above the water front. How-
ever, the angle of inclination of the water front was less than
the angle of inclination of the slopes. In the case of the slope
with a 30° angle of inclination, it was observed that once the
flat portion near the toe became saturated, it completely
filled the drainage layer and started to supply water in the
horizontal direction as well. Therefore, the data below the
dotted line (indicated as seepage) is not considered for
further analysis.

Figure 4 illustrates the values of suction observed at four
locations, as described in Fig. 2. The initial suction at the
four locations prior to rainfall ranged from 5.5 to 6.5 kPa.
The soil at the top (near tensiometer #4) required approxi-
mately 60 min to reduce the suction close to 0 kPa, whereas
the soil near the bottom of the slope (near tensiometer #1)
required almost 120 min to drop the suction to 0 kPa. Please
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note that due to the sensitivity of the tensiometer used in this
study (i.e. £0.5 kPa), measured suction may give an error of
up to 0.5 kPa. The tensiometers installed at the other two
locations within the slope also needed more than 60 min to
become saturated. The rates of change in suction with time at
all four locations were different. Locations near tensiometers
2 and 3 showed a similar pattern in the reduction of suction
with time. The results presented in Fig. 4 show that the water
fronts were not able to progress to tensiometer # 1 in 30 min
and to tensiometers #s 2 and 3 in 60 min after the initiation of
rainfall.

Numerical Modeling

Shown in Fig. 5 is the soil water retention characteristics
curves prepared for both wetting and drying cycles of the
degree of saturation—suction relationship curve. Equation 1
represents the regression curves for both dry and wet cycles.
The suction parameters A and B (Eq. 1) were calculated for
both drying and wetting cycles using the experimentally

derived values, as presented in Fig. 5. These parameters
were used to calculate the values of suction in soil at differ-
ent degrees of saturation during the numerical simulation.

Equations 1 through 5 were combined to calculate the
depth of the water front during rainfall, and corresponding
values of the degree of saturation and suction. Presented in
Fig. 6 are the spatial distributions of suction in slopes with
angles of inclination of 45° and 30°, compacted at a void
ratio of 0.7, prior to rainfall. Suction ranged from 5.5 to
6.5 kPa in both slopes. Presented in Fig. 7 are the values of
suction in those slopes after the application of 30 mm/h of
rainfall for 3 h. The depth of water front, depicted by zero
suction, can be seen in both figures. As expected, the depth
of water front was higher in the steeper slope. Once the water
saturates the toe of the slope, water starts to flow towards the
slope in a horizontal direction as a result of a significantly
high coefficient of permeability of gravel (drainage layer).
Based on the numerical simulation result, the movement of
the water front appeared to be parallel to the slope until the
soil at the right side of the toe was fully saturated with rain
water. After that, the soil close to the toe received water from
rainfall as well as the seepage water from the saturated soil
mass below the toe. This caused a slight deviation in the
shape of the water front from the shape before the toe
became saturated. The effect, right after 3 h of rainfall, is
more pronounced in the slope with an inclination of 45°
compared to the slope having an inclination of 30°.

Comparison between the numerically computed and
experimentally observed values of the depths of the water
front for a 45° slope after 30, 60, 90, and 180 min of rainfall
are presented in Fig. 8a—d, respectively. Figure 8 also
includes the numerically simulated values of the depths of
the water front for the intensities of rainfall of 1.0 mm/min
and 1.5 mm/min, whichever are applicable. The calculated
and observed locations of the depth of the water front were
very close near the flat portions on top of the slope (location
a, Fig. 2) and bottom of the slope (location c, Fig. 2). How-
ever, the actual location of water front was lower than the
front predicted by the numerical simulation within the
inclined portion of the slope (location b, Fig. 2). Similarly,
the location of the water front was slightly higher than the
numerically simulated position in the case of location a, but
was lower than the numerically simulated positions at loca-
tion b for the durations of 60, 90, and 180 min of rainfall.
The experimentally observed and numerically simulated
positions of water front were close at location ¢ for 60, 90
and 180 min of rainfall. Similar results were obtained for the
30° slope.

Comparison between the suctions obtained with the
numerical simulation and model experiments for four differ-
ent locations T1, T2, T3, and T4, described in Fig. 2, are
presented in Fig. 9a—d, respectively. The numerical values
differed from the observed values by less than 0.5 kPa. In the
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majority of the cases, the numerical calculations showed
lower suction values. Considering the precision of the tensi-
ometer (i.e. 0.5 kPa), the numerically calculated values are
considered to be reasonably accurate. This shows that the
proposed numerical modeling technique can be utilized with
reasonable accuracy to calculate the spatial distribution of
suction in slopes during rainfall on partially saturated slopes.

Summary and Conclusions

Experimental and numerical modelling were conducted
in order to investigate the variation in the depth of the
water front and spatial distribution of suction in sandy
slopes with two different inclinations during a rain event
that produced 30 mm/h of rainfall for 3 h. The model
developed by the authors that incorporated a hydro-
mechanical coupled analysis for partially saturated soil
with a finite element modelling technique was able to
predict the depth of the water front and variation in
suction with reasonable accuracy. This model was also
utilized to evaluate the depth of the water front and
variation in suction as well as a deformation analysis of
slope for various intensities and durations of rainfall.

Time during rainfall [ min ]

Acknowledgments The authors would like to thank the Associated
Student Inc. (ASI), California State University, Fullerton, for providing
financial support to purchase materials.

References

Fukuoka M (1980) Landslides associated with rainfall. Geotech Eng J
Southeast Asia Soc Soil Eng 11:1-29

Kawai K, lizuka A, Hayakawa E, Wang W (2007) Non-uniform settle-
ment of compacted earth structures caused by the deformation
characteristics of unsaturated soil on wetting. Soils Found 47
(2):195-205

Kawai K, lizuka A, Tachibana S, Ohno S (2009) Impacts of plant
induced uptake on the stability of earth structure. In: Proceedings
of international conference on soil mechanics and geotechnical
engineering, Alexandria, Egypt, pp 526-529

Mualem Y (1974) A conceptual model of hysteresis. Water Resour Res
10(3):514-520

Sugii T, Uno T (1996) Modeling of hydraulic properties for unsaturated
soils. In: Proceedings of symposium on permeability of unsaturated
ground, pp 179-184 (in Japanese)

Van Genuchten M (1980) A closed form equation for predicting
hydraulic conductivity of unsaturated soils. J Soil Sci Soc Am
44:892-898



Pile

Feasibility Analysis of Loess Slope Improved by Lime

Wanjiong Wu, Shouyun Liang, Fanyu Zhang, Xude Yan, and Jianji Zhou

Abstract

Lime has powerful characteristics of hygroscopicity, expansibility and gelation with soil,
so a slope can be strengthened by placement of lime piles. In this paper, experiments have
been performed to investigate the diffusion characteristic of lime in loess, and the influence
of lime to the physical and mechanical properties of loess also have been examined, in
order to verify the feasibility of using pile to improve the stability of slope. The results
show that it is feasible to improve stability of slope by lime piles. Pile spacing should be set
about 8.5 times as many as the diameter of the pile when the pile holes arranged according
to the plum flower form from this test. Moreover, lime piles strengthen the loess slope
mainly by gathering and cementing the clay grains in loess.

Keywords

Lime piles » Loess slop « Diffusion « Landslide prevention

Introduction

Loess is widely distributed in the northwest of China. It has
stable structure, affluent vertical joints and obvious collaps-
ibility (Wang and Gao 2012). The loess landscape such as
loess tablelands, loess ridges, loess hills and loess gullies are
shaped due to the dual function of accumulation and erosion,
and always form high and craggedness natural slopes (Liu
2007). However, a lot of loess slopes have been generated
during the construction of infrastructures, like highways or
railways etc. posing a threat to people’s lives and properties
(Yang et al. 2000). So, it is very important to improve the
stability of loess slope in loess area. Statistics show that loess
landslides and debris flow are major geohazards in Lanzhou
City, accounting for more than 60 % of its total geohazards
(Ding and Li 2009).
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Lime has used to strengthen soft soil foundation (Mathew
and Narasimha 1997), owing to its strong water-absorbing
capacity, expansibility and physical absorption reaction
between lime and soil grains. Specifically, it increases the
soil strength and water stability by improving the engineering
properties through physical and chemical reactions. Later,
lime piles were used to solidify foundations by punching
into the foundation soil, and then injecting lime powder to
form lime piles (Wang and Cheng 1994). Because of lime
hydration expansion of compaction, exothermic dehydration,
ion exchange, gelling effect and the effect of displacement of
a pile group or compaction due to punching, it greatly
improves the foundation bearing capacity. At present, using
lime to strengthen loess has been studied, and is mainly used
as embankment and foundation treatment (Metelkova et al.
2012; Lin et al. 2007). Lime added in loess produces a series
of physical and chemical reactions with clay soil grains (Lin
and Liu 2003). As a result, loess is solidified by changing its
engineering properties. Loess landslides occurred frequently
in the northwest of China (Zhang et al. 2013). If we use the
idea that lime piles solidify loess, it can emerge as a new
method to prevent and mitigate landslides. At the same time,
lime piles can function as anti-slide piles.
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Physical experiment is performed to simulate the diffu-
sion process of lime pile in loess. The physical, chemical and
mechanical properties of loess are tested to illustrate the
solidification phenomenon of loess surrounding the lime
pile. The characteristics of solidified loess are analyzed, as
well. Moreover, the primary reasons that lime pile solidifies
loess from the perspective of diffusion have been discussed.
This study provides guidance for further application of lime
piles to improve stability of loess slope successfully.

Materials and Methods
Materials

Loess tested in lab is part of the Malan loess stratum at
Jiuzhou platform, Lanzhou city, Gansu province. The
Malan loess stratum is the main place of living and produc-
tion activities. Its thickness is over 30 m (Li et al. 2007). The
physical and chemical properties are shown in Table 1. Lime
used in this study is produced by Tianjin Guangfu Exquisite
Chemical Research Institute. The content of CaO was over
90 % and weight loss after ignition was about 2 %. In
addition, it contains a small amount of insoluble acetic
acid, chloride, sulfate, nitrate, iron, lead, alkali metal and
magnesium and other impurities. It satisfies the requirements
of JC/T479-92 standard for building quick lime.

The home-made square steel box is used (450 x 450
x 300 mm) to maintain the soil sample (Fig. la). In the
middle of box a movable rigid plastic tube (External diame-
ter, D = 40 mm) is arranged in order to form a lime pile
(Fig. 1b).

Methods and Procedure

The loess was dried at 105 °C for 24 h to remove the clastic
impurities by sieving through 0.5 mm size sieve after the
loess cooled down to room temperature. According to the
design, dry density (pq) was 1.5 g/cm® and optimum mois-
ture content (@ep) Was 15 %. The soil was divided into 15
equal portions and placed into black plastic bag and sealed
for 24 h after evenly mixing with the corresponding distilled
water. The plastic tube was installed and surrounded with the
mixed soil to fill up the maintain box. The plastic box was
slowly rotated out of the maintain box while packing the pile
hole with lime atr a moisture content of 15 %. The box was
sealed for 22 days.

After completion of the maintenance, the 50 mm thick
surface soil layer was scrapped off in order to reduce the
influence of boundary conditions. Then the surface was
flattened to conduct miniature vane shear test and hardness
test. Once again, 30 mm thick disturbed soil layer was

Table 1 Physical and chemical properties of loess

Physical properties Chemical properties

G, 2.73 g/em?® SSA 29.97 m*/g
Ip 11.79 CEC 4.01 cmol/kg
LL 28.25

J00mm

300mm

|:| Lime pile

Fig. 1 Schematics of testing equipment. (a) Maintain box. (b) Sketch
map of equipment

scrapped off, and four concentric rings spacing was carved
at 50 mm centered on pile axis (Fig. 2a). Then with a small
ring knives (inner diameter d = 28 mm) take samples as
shown in Fig. 2b. Physical properties were measured based
on GB/T50123-1999. The specific surface area (SSA) and
cation exchange capacity (CEC) were measured with meth-
ylene blue adsorption method (Santamarina et al 2002;
Savant 1994).

Results and Discussion

The soil samples are marked as Rx (x = 50, 100, 150 and
200) in order to collect data and perform the analysis easily.
Soil in box is assumed to be homogeneous and share same
physical and mechanical properties before test. Lime can
absorb moisture and diffuses into loess because of its tiny
particles, and strong water imbibition. As a result, the physi-
cal and mechanical properties of loess will changed due to
changes in the structure. So, we can speculate the effect of
improvement by testing the physical and mechanical
properties of samples that are located around the lime pile.
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The Effect on Physical Properties of Loess from
Lime Pile

Water content will greatly influence the stability of slope,
due to the strong collapsibility and disintegrative of loess.
Void ratio is the crucial physical index that represents the
compaction of loess. Figure 3 shows the maximum, mini-
mum and average values of water content and void ratio
change along with radius. From the chart, it is clearly shown
that water content (w) and void ratio (e) decreased in com-
parison to the original soil samples (w =15 % and
e = 0.82). In particular, every physical properties of
improved soil samples located in R = 50 mm change signif-
icantly. The average moisture content is 13.47 % and aver-
age void radio is 0.63. Meanwhile, the moisture content and

void ratio, when R = 200 mm, are close to the corres-
ponding value of original soil sample. It is revealed that
lime piles only improve the soil within a certain radius in
this test, and with the increase of radius the improvement
gradually decreases.

Loess belongs is a clay with low liquid limit, and the
content of clay in loess is very important to its engineering
geological properties (Lin and Liu 2003). An increase in
plasticity index causes an increase in the content of clay and
reduction in the stability. Figure 4 shows the change in liquid
and plastic properties with radius. We can find some regular
changes from the chart, that plastic index (Ip) of soil sample
the one located close to lime pile is minimum. As lime diffuses
into loess and reacts with the clay grains, Ip is increases
along with the radius. When R = 50 mm, Ip =9.6, when
R = 200 mm, Ip = 11.1, and the Ip of original soil sample is
11.8. It indicates that the content of clay grain in loess
decreases, but within the range of influence of lime pile, the
content of clay grain is increases along with radius. Plasticity
index decreased due to a reduction in liquid limit and an
increase in plastic limit. It is show that lime improves loess
mainly by gathering and cementing the clay grains in loess and
at the same time decreasing the plastic index increasing the
water stability.

In order to further explore the influence of clay on the
engineering properties of loess, specific surface area (SSA)
and cation exchange capability (CEC) tests were conducted.
Results of the tests (Fig. 5) indicate that SSA values and
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S
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= 13.7 0.69 =
S 2
g 13.2 0.66 §
2 127+ —=— water content 0.63

—e—void ratio
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Fig. 3 Change of water content and void ratio along with radius
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CEC values increase along with the radius, but are lower
than the values of original soil sample, which mainly due to
Ca(OH), generated in the nitration reaction after lime
absorbed water, and released Ca®". Then Ca®* was
exchanged with the low charged ions absorbed on soil parti-
cle surface such as Na*, K*, H" etc. As a consequence, a
reduction in the diffused double layer, gathering and
cementing clay grains. Furthermore, there is a decrease in
the dispersivity of the soil and an increase in its adhesiveness
then forming a stable coherence structure. Afterwards
recrystallization of lime reaction produces crystallization
of calcium hydroxide:

Ca(OH), + nH,0 = Ca(OH), - nH,O

Crystal products combined with each other then integrate
the clay grains form eutectic, resulting in a decrease in the
SSA and CEC values.

The Effect on Mechanical Properties of Loess by
Lime Pile

The mechanical strength of loess is the outward manifesta-
tion of loess improvement effect. It is also one of the most
concentrated engineering properties in the landslide prophy-
laxis and treatment projects. Micro cross section shear appa-
ratus and Piccolo hardness tests are innovatively used to test
shear strength and tensile strength of soil indirectly. The test
results are shown as Fig. 6. Shear and tensile strength have a
consistent trend, similar to the change of physical and chem-
ical properties. Compared with original sample, the values of
mechanical strength increase and display a rising trend along
with radius. Because of the expansion of the lime pile, which
absorbs water afterward, it leads to forming the expansion of
cracks and circular cracks, etc. within 50 mm (Fig. 7). So,
the mechanical strength of soil samples named R50 decrease
to the minimum. It is easily found that lime piles should be
mixed with some cement, fly ash or SH additive when they
are used to improve loess (Wang et al. 2005; Guo et al.
2004), instead of using only lime. It will weaken the expan-
sion of lime pile, enhance the mechanical strength of pile

221 7240
<
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é e %
o 16F & 1200 =
=] 173}
£ 3r 1180 =
4 —=— shear strength g
S 1or & —— hardness value 7160 =
wn

1 1 1
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Radius/mm

Fig. 6 Change of shear strength and hardness along with radius

(Circular cracks

Fig. 7 Map of cracks reduced by lime expansion

itself and amplify the effect of anti-slide pile in the landslide
prophylaxis and treatment project.

Feasibility Analysis of Loess Slope Improved by
Lime Pile

Lime piles to improve the stability of loess slope mainly
involves imbedding lime piles into loess in the slope toe and
slope weak interlayer or shear zone of potential sliding
surface, and to make sure that the lime piles are perpendi-
cular to the slope (Fig. 8a). The water absorption and lime

a

b

A

Lime pile (D=80mm)

Fig. 8 Sketch map of lime piles in loess slope. (a) Location of lime
piles. (b) Arrangement of lime piles
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diffusion into surrounding loess will increase its strength, so
that the stability of loess slope will be improved. Based on
the physical and mechanical strength characteristics of
improved loess, the space between piles can be determined.
From the test results, when the diameter of pile is 40 mm
(D = 40 mm), the influence radius is about 200 mm. The
influence radius is about five times of pile diameter. If the
pile holes are arranged in the plum flower form, the pile
spacing can be calculated to be approximately 8.5 times the
diameter of the pile based on the geometric relationships of a
triangle and the edges. For example, if the diameter of pile is
80 mm, then the pile spacing will be 680 mm (Fig. 8b).

Conclusions

(a) Itispreliminary demonstrated that lime piles can be used
to improve the stability of loess slope, but more physical
experiment or field test are needed to verify this fact. In
addition, lime piles should be mixed with some additives
instead of pure lime in practical engineering to make the
loess slope more stable.

(b) Under similar conditions to this test, the influence radius
of lime pile in loess is about five times of pile diameter.
If the pile holes are arranged according to the plum
flower form, pile spacing can be calculated to be about
8.5 times the diameter of the pile.

(c) Lime piles improve loess mainly depends on the water
absorption, ion exchange reaction and recrystallization
reaction. All of them cement clay grains in loess
forming a stable coherence structure, so that the loess
is improved.
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Effect of Soaking on Shear Strength of Weathered
Argillaceous Rocks Susceptible to Landsliding in the
Three Gorges Area of China

Baoping Wen, Hui Li, and Kaihao Ke

Abstract

Slope stability in the Three Gorges reservoir has been one of the greatest concerns for both
researchers and officials in China since inundation of the Three Gorges reservoir area.
Shear-strength reduction of the inundated slope materials may be one of the major causes
leading to slope failures. In this study, the shear strength of three kinds of weathered
argillaceous rocks that are most susceptible to landsliding was experimentally investigated
after soaking the material for different periods. It was found that reduction in shear strength
of all the three weathered argillaceous rocks and their strength parameters occurred
significantly after soaking for about 35 days, and that a very minor reduction was observed
after soaking for a longer period. The weathered argillaceous rocks with more particles
coarser than silt showed a greater reduction in internal friction angle, while those with more
clay and silt displayed a greater decrease in cohesion. Particle analysis of the weathered
argillaceous rocks after soaking, the compositions of their clay minerals and chemical
analysis of the soak water suggested that shear strength reduction of the weathered argilla-
ceous rocks may be attributed to a combination of slaking of rock fragments coarser than
silt, hydration of clay minerals, and dissolution of calcite, as well as hydrolysis of feldspar

due to soaking.

Keywords

Weathered argillaceous rock s Shear strength  Soaking ¢ Slaking « Hydrations

Dissolution « Hydrolysis

Introduction

Landsliding is one of the geological hazards that poses the
greatest risk to the Three Gorges area due to its steep hilly
terrain and complex geology. It has been commonly
believed that construction of the Three Gorges dam will
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raise the landslide risk in the area as a result of either
inundation or drawdown of the reservoir water, or both.
One well-known case induced by reservoir inundation was
the Qianjiangping landslide, which occurred on July 13,
2003 when the reservoir was impounded to an elevation of
135 m for 43 days (Wang et al. 2004; Wen et al. 2009). It has
been extensively investigated, and shown that among the
rock types predisposed to landsliding in the Three Gorges
area, the argillaceous rock and its weathered materials are
landslide-prone because of their low shear strength, particu-
larly when wetted (Qi et al. 2009). Previous investigations
found that more than 92 % of the landslides in the area were
composed of a variety of the argillaceous rocks, mainly their
weathered materials (MGMR 1988). Of the landslides in the
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DOI 10.1007/978-3-319-05050-8_22, © Springer International Publishing Switzerland 2014


mailto:wenbp@cugb.edu.cn
mailto:806549778@qq.com
mailto:shiyan03lihui@163.com

136

B. Wen et al.

35
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Fig. 1 Argillaceous rocks and their weathered materials predisposed
to landslides in the Three Gorges area (after Li et al. 2008) (I: mudstone
of the middle Jurassic and its weathered material; II: mudstone of the
middle Tertiary; III: marls of the middle Tertiary and its weathered
material; I'V: other argillaceous rocks of the Jurassic and their weath-
ered materials; V: other argillaceous rocks of the Tertiary and their
weathered materials; VI: other argillaceous rocks and their weathered
materials.)

area, more 50 % of them were related to three kinds of
argillaceous rocks and their weathered materials, namely
the mudstone of the middle Jurassic, and the mudstone and
marl of the middle Tertiary (Li et al. 2008) (Fig. 1).

Since impoundment of the Three Gorges reservoir a much
larger portion of the Yangtze River’s bank slope has been
submerged than before. Soaking may thus have a significant
influence on the shear strength of the argillaceous rocks and
their weathered materials in the reservoir area, resulting in or
being a major factor leading to more slope failures. It has
been widely recognized that landslides induced by reservoir
innudation are largely related to shear strength reduction of
the materials of its bank slopes (e.g., Stark and Duncan 1991;
Singh et al. 2012). To explore the effect of soaking on shear
strength of the weathered argillaceous rocks in the Three
Gorges area and thus the effects on slope stability there, an
experimental study was carried out using samples collected
from three kinds of weathered argillaceous rocks, specifi-
cally the weathered material of the mudstone of the middle
Jurassic, and the mudstone and marl of the middle Tertiary.
These are the materials that are the most susceptible to
landsliding in the reservoir area (MGMR 1988; Li et al.
2008).

Samples and Testing Method
Samples

In this study, samples of the weathered materials of the
mudstone of the middle Jurassic, and those of the mudstone
and marls of the middle Tertiary were collected from the
reservoir bank at Zigui and Badong counties of Hubei

province, respectively. These samples are numbered as
samples I, II and III, respectively. At the sampling sites,
the mudstone of the middle Jurassic, and the mudstone and
marls of the middle Tertiary are highly weathered. The
former two form very loose, wet and soft purplish red clayey
soils, whilst the third forms very loose, wet and soft brown-
ish yellow clayey soils. Physical properties of the samples
are shown in Table 1, which were determined following
CNS GB/T50123-1999 standards (SAC et al. 1999). Sample
IT had the least clay (24 %) and silt (28 %) with the most
gravel (20 %) and sand (28 %), whilst sample III had the
most clay (60 %) and silt (35 %) with no gravel, and the
abundance of each size fraction in sample I was in between
(Table 1). Bulk and clay mineralogy of the samples
measured using an X-ray diffractometer are given in Table 2.
Quartz and clay minerals were predominant in all three
samples, followed by calcite and feldspar (Table 2). In
terms of clay mineralogy, samples I and III had primarily
interlayered illite/smectite with some illite, interlayered kao-
linite/chlorite and minor kaolinite and chlorite, whereas
sample II had the most illite, with some interlayered illite/
smectite and chlorite and minor kaolinite. Analysis of water
samples from the Yangtze River near the sampling sites
showed that the water was slightly alkaline with a very low
salinity (Table 3).

Testing Method and Sample Preparation

The shear strengths of the samples were determined using
direct shear testing. Since there is an increase in pore water
pressure inside the bank slopes following reservoir
impoundment, a direct shear test was conducted under
consolidated and undrained conditions. ShearTrac II, a
fully automated direct shear test apparatus (by Geocomp
Corporation) was employed. The apparatus is capable of
applying a horizontal displacement to the specimen of up
to 15 mm and has two shear boxes. One is circular with a
diameter of 10 cm and height of 2.5 cm, and the other is
square with a side length of 15 cm and height of 7 cm, the
latter which was customized for the soils with significant
amount of particles coarser than 2 mm but finer than 7 mm.
Based on the size of particles and their abundance in the
three samples, samples I and III were sheared using the
circular shear box, and sample II was sheared using the
square shear box.

To investigate the effect of soaking on the shear strength
of the samples, six groups of specimens were prepared for
each sample, each of which included four specimens. The
samples were first air-dried and powdered with a rubber
hammer, followed by thoroughly mixing and wetting with
deionized water. The wetted soil was then kept in airtight
containers for at least 24 h before being remolded.
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Table 1 Basic physical properties of the weathered argillaceous rock samples
Particle size fraction (mm, %)
Sample Dry unit weight (KN/em?®) Clay (>0.005) Silt (0.005-0.075) Sand (0.075-2) Gravel (>2)
I 18.6 33 35 28 4
II 19.6 24 28 28 20
I 12.4 60 35 5 /
Note: LL liquid limit, PL plastic limit
Table 2 Mineralogical compositions of the weathered argillaceous rock samples
‘Whole rock (%) Clay portion (%)
Sample Quartz Feldspar Calcite Hematite Clay in total 1/S I K C K/C
I 38 5 24 / 33 60 18 3 4 15
II 37 2 8 9 44 15 68 3 14 /
I 18 1 29 / 52 58 30 1 1 10
Note: //S Interlayered illite/smectite, / Illite, K Kaolinite, C Chlorite, K/C Interlayered kaolinite/chlorite
Table 3 Chemical compositions of the Yangtze River water near the sampling sites (ion concentration in mmol/L)
Site F~- cl- NO;~ S0,*~ HCO;~ K* Na* Ca** Mg** pH
Near Zigui 0.01 0.59 0.09 0.45 3.04 0.03 1.00 1.21 0.60 8.11
Near Badong 0.01 0.55 0.09 0.45 2.81 0.03 0.90 1.16 0.56 8.19
Subsequently the remolded samples were produced by press- 100
ing the wet soil to a prescribed unit weight using a O 1d _B 1
customized pressure molder. The prescribed unit weight of 80 B >
. . . ) -~
each sample was calculated based on its unit dry weight and % i;gj 1 =
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Variation of Shear Strength of the Weathered
Argillaceous Rocks with Soaking Time

Test results showed that the shear strength of the three
samples under each normal stress decreased markedly with
soaking time (Fig. 2). It should be mentioned that the data
for sample II is not shown due to this paper’s limited space.
This indicates that soaking resulted in shear strength reduc-
tion of the weathered argillaceous rocks. Notably, for the

Normal stress/KPa

Fig. 2 Shear strength envelope of samples I and III after soaking for
different times

three samples, their shear strength reduction under each
normal stress occurred largely when soaking time was less
than 35 days, and mostly in a period shorter than 20 days,
whereas there was very little further reduction after soaking
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Fig. 3 Variation of shear strength of the three samples with soaking
time

another 25 days, i.e., soaking 60 days in total (Fig. 3). This
implies that shear strength reduction of the three weathered
argillaceous rocks may be significant after reservoir
impoundment for less than 60 days.

Variation of Strength Parameters of the
Weathered Argillaceous Rocks with Time

For the three samples, their shear strength parameters of
cohesion (C) and internal friction angle (), the stress
parameters measured in this study, also display a pro-
nounced reduction with soaking time (Fig. 4a, b). Again,

(Fig. 4a, b).

Discussion

Obviously reduction in shear strength of the three weathered
argillaceous rocks after soaking should be attributed to either
physical or chemical interactions between the weathered
rocks and water, or both.

Particle size analysis of part of the soaked specimens
revealed that the longer the soaking time, the more particles
finer than silt and the fewer coarser particles they had
(Fig. 5). This was more striking after the weathered argilla-
ceous rocks were soaked for a shorter period rather than for a
longer one, as the data after soaking for 10 days and 35 days
versus that for 60 days shows in Fig. 5. Such phenomenon
suggests that slaking or disaggregation of particles coarser
than silts occurred when the weathered rocks were soaked,
which could be referred to as a kind of physical interaction
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Fig. 5 Particle size distribution of the three samples after soaking for
different times

between the weathered argillaceous rocks and water. Slaking
of coarse particles then contributed to shear strength reduc-
tion of the weathered rocks after soaking. It is believed that
particles coarser than silt in these weathered argillaceous
rocks may be mainly rock fragments which have not fully
decomposed yet. The rock fragments may be those mainly
cemented by clay, thus being readily slaked after soaking for
a short period. The internal friction angle of soil-like
materials is known to be essentially governed by the size
of their particles (Terzaghi et al. 1996), and the reduction in
friction angles of the three weathered argillaceous rocks
after soaking may thus be mostly associated with slaking
of coarse particles. It is noted that, after soaking, the change
of particle size distribution of sample II was the greatest, that
of sample III was the least, and that of sample I was in
between. This could explain why the reduction in internal

Fig. 6 lon concentrations in sample soak water

friction angle of sample II was the greatest, followed by
sample I and then sample III, after soaking for same period.
On the other hand, hydration of clay minerals, most likely
interlayered illite/smectite and illite, may occur too during
soaking of weathered rocks because these clay minerals
swell when they encounter water. This may contribute to
reduction in cohesion of the weathered argillaceous rocks.
Such an effect may be more prevalent within the weathered
rock with more clay, hence leading to a greater reduction in
its cohesion. This may be the reason why cohesion of sample
IIT was reduced the most, and that of sample II the least, as
these samples had the most and least clay respectively
among the three weathered argillaceous rocks. It is inferred
that hydration of clay minerals within the weathered rocks
may be complete soon after soaking. This may be why
reduction in cohesion of the weathered argillaceous rocks
occurred largely after soaking for less than 35 days.
Moreover, chemical analysis of water from the soaked
weathered argillaceous rocks showed that there were various
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ions with low concentrations, including cations of Na™, Ca%t
and Mg2+ and anions of HCO5; ™, CI™ and SO42_ (Fig. 6a—c).
The concentration of these ions in the water seems to
increase with soaking time. Since deionized water was
used for soaking the weathered rocks, occurrence of these
ions in the soak water indicates that chemical interactions
also occurred during soaking. Consistently for the three
weathered argillaceous rocks Ca®* and HCO;~ were the
most abundant among the cations and anions respectively
in the soak water, followed by Mg?*, Na* and Cl~, SO,*~
respectively. From the constituent minerals of the weathered
argillaceous rocks (Table 2), it is deduced that two kinds of
chemical interactions between the weathered rocks and
water may occur: dissolution of some calcites (Ca** and
HCO;"); hydrolysis of some feldspars (cations of Ca’*,
Mg** and Na*), including albite and anorthite. Although
calcite is generally recognized to be insoluble, it is known
that dissolution of calcite may occur in an open system with
circulation of chemical nutrients, such as carbon, oxygen
and nitrogen. The inundated weathered argillaceous rocks
in the Three Gorges area were indeed in such an open
system. Such system could also accelerate hydrolysis of
feldspar, which usually occurs very slowly. Dissolution of
calcite and hydrolysis of feldspar may contribute to the
slaking of rock fragments within the weathered rocks during
soaking. The trend of variation in the ions’ concentration in
the soak water suggests that dissolution of calcites and
hydrolysis of feldspar in the soaked weathered rocks may
continue. Nevertheless their contribution to the slaking of
rock fragments, and in turn to reduction in shear strength of
the weathered argillaceous rocks may be very minor because
of the very low concentration of the ions.

As a result of a combination of those effects discussed
above, significant reduction in shear strength of the weath-
ered argillaceous rocks and their parameters occurred after
soaking. Variation of their shear strength implies that
failures of the slopes composed of the weathered argilla-
ceous rocks occurred after the Three Gorges reservoir
impoundment for a short period, probably shorter than
2 months, and may be mainly related to reduction in shear
strength of the weathered argillaceous rocks.

Conclusions

These experiments clarified that soaking significantly
reduces shear strength of weathered argillaceous rocks
in the Three Gorges reservoir area. This supports the view
that reservoir inundation lowered slope stability there,
and induced slope failures. The following specific
conclusions can be drawn from this study:

1. Shear strength of the three types of weathered argilla-
ceous rocks and their strength parameters were significant
reduced after soaking for 35 days, with very minor further
reduction after longer soaking

2. After soaking, weathered argillaceous rock with more
particles coarser than silt experienced greater reduction
in its friction angle, whereas that containing more clay
displayed greater reduction in its cohesion.

3. Reduction in shear strength of weathered argillaceous
rocks and their strength parameters due to soaking may
be associated with four kinds of effects: slaking of rock
fragments coarser than silt, clay-mineral hydration s,
calcite dissolution and feldspar hydrolysis.

4. Shear-strength variation of weathered argillaceous rocks
after soaking implies that failures of slopes composed of
such materials occurred after the Three Gorges reservoir
was inundated for a short period, probably less than
2 months, and may be mainly led by this shear-strength.
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Creep Behavior of the Slip Zone of a Giant
Slow-Moving Landslide in Northwest China:
The Suoertou Landslide as an Example

Xiu-zi Jiang and Bao-ping Wen

Abstract

The Suoertou landslide, a giant landslide with a volume of 72.85 x 10° m® in Zhouqu
County, Gansu province of China, has been reactivated with a rate ranging from 300 to
600 mm/year since 1990s. The slow-moving dynamic nature indicates that the creep nature
of its slip zone may play one of the predominant roles in the reactivation of the landslide.
To clarify this, creep behavior of the saturated soil collected from the landslide’s slip zone
was investigated via a series of direct shear creep tests. It was found that the creep behavior
of the landslide’s slip soil was strongly dependent on the stress-level for both normal and
shear stresses. It was also found that the accelerated creep stage could not be reached until
the shear stress exceeded 125, 187.5 and 300 kPa and the initial strain rate at 3.141, 3.688
and 4.5 min~, under the normal stresses of 100, 200 and 400 kPa, respectively. Moreover,
both the critical shear stresses and the initial stain rates at which the accelerated creep stage

begins seem to have a linear correlation with the normal stress.

Keywords

Slip zone « Direct shear creeping test » Creep behavior « Critical shear stress o Initial

strain rate

Introduction

Slow-moving landslides are generally known to undergo
time-dependent deformation, namely creep (Di Maio et al.
2013; Huvaj-Sarihan 2010; Macfarlane 2009; Mansour et al.
2011; Van Asch et al. 2009). The Suoertou landslide, a giant
slow-moving landslide with a volume of 72.85 x 10° m® in
Zhouqu County, Gansu province of China, has been observed
reactivating slowly since 1990s. The slide has caused severe
damage to a road and local communities, and is moving at a
rate ranging from 300 to 600 mm/year (Gansu Geological
Disaster Survey and Design Institute 2012). Since a
landslide’s behavior is largely controlled by mechanical
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characters of its slip zone, it is of great significance to study
the creep behavior of the slip zone to understand the mecha-
nism of the sliding and to forecast the landslide’s moving
dynamic. The creep behavior of landslides is normally studied
via two approaches: displacement monitoring in field
(Corominas et al. 2005; Macfarlane 2009; Mansour et al.
2011; Van Asch et al. 2009) and laboratory testing of creep
behavior of landslides’ slip zones (Bhat et al. 2011; Di Maio
et al. 2013; Huvaj-Sarihan 2010). Due to absence of system-
atic monitoring data, the creep behavior of the Suoertou
landslide’s slip zone was investigated experimentally.

The Suoertou Landslide and Its Slip Zone

The Suoertou landslide was located on the north bank of the
Bailongjiang river, about 1 km upstream of Zhouqu County,
Gansu province of China (Fig. 1). The landslide fully devel-
oped within a regional active fault zone, namely the

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 141
DOI 10.1007/978-3-319-05050-8_23, © Springer International Publishing Switzerland 2014
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Pingding-Huama fault zone. The landslide is 3,300 m long
with a width of 80-700 m. The elevations at front and back
of the landslide are 1,300 and 1,970 m, respectively, with a
height difference of 670 m. Boreholes revealed that the
maximum and minimum of thickness of the landslide body
is 100 and 20 m, with an average thickness of 60 m. Its
sliding body consists of grey clayey soil with abundant
carbonate rock fragments in the upper part and dark grey
clayey soil with carbonaceous slate rock fragments in the
lower part. The latter was wet, soft and sludged. The bed of
the landslide is carbonaceous slate cataclasite. The slip zone
of the landslide is a dark clayey seam, with a thickness of
1.3-4.3 m (Fig. 2), developed along the interface between
carbonaceous slate cataclasites and clayey soil. The slip soil
was very wet and highly soft. Groundwater level in the slide
was observed to be 5-26.5 m under the ground surface.
The test soil sample in the study was collected from
borehole ZK3, in the middle portion of the landslide
(Figs. 1 and 2). The sampling depth was 60—-64 m. Basic
physical properties of the sample were presented in Table 1.
Grain size distribution and Atterberg limits of the sample
were obtained in compliance with CNS GB/T50123-1999
(SAC 1999). Results showed that there was 10 % clay
fraction with 52 % silt, 8 % sand and 30 % gravel. The liquid
limit and plasticity indices were 35 and 19, respectively.
X-ray diffraction analysis showed that the sample had pri-
marily quartz, pyrophyllite and clay minerals, which primar-
ily consisted of illite, kaolinite and pyrophyllite with some
interlayered illite/smectite and cholorite (Table 2).

Fig. 1 View of the Suoertou landslide

Testing Program

Consolidated and drained direct shear creep test was adopted
to investigate the creep behavior of the sample. A triple set
direct shear creep test apparatus was employed in this study.

Fig. 2 Slip zone of Suoertou landslide from borehole ZK3

Table 1 Physical properties of the sample

Particle size fraction (mm, %)
Particle density (g/cm®)  Clay (<0.005)  Silt (0.005-0.075)  Sand (0.075-2)  Gravel (>2)  Liquid limit (%) Plasticity index
2.73 10 52 8 30 35 19

Table 2 Mineralogical compositions of the sample

Whole soil (%) Clay portion (%)
Potassium Clay in
Quartz feldspar Siderite Dolomite Plaster Pyrophyllite total 1/S Py I K C
7.5 0.7 2.5 1 0.3 41.3 46.7 7 33 25 29 6

Note: 1/S Interlayered illite/smectite, / illite, K kaolinite, C Chlorite, Py pyrophyllite
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Normal and shear stresses were loaded through weights. The
creep test was carried out following MT/T 895-1998 (State
Bureau of Coal Industry 1998). Shear stresses were applied
in increment. Each level of increment was estimated to be a
fraction of the peak shear stress, which was obtained through
a series of direct shear test under normal stresses of 100, 200,
300 and 400 kPa. The number of fractions was 6-8 in
this study. The next level of increment was applied when
the deformation of the specimen was observed less than
0.01 mm in 24 h. In this study, each shear stress increment
was maintained for at least 1 week.

Since the slip zone was basically below the groundwater
table and had primary particles finer than 2 mm, remoulded
specimens with particles <2 mm were used with a water
content about its liquid limit.

Results
Strain-Time Behavior

Figure 3 shows the strain versus time (y—logt) behavior
under different levels of normal stresses. It could be seen
that the instantaneous deformation (t = 0) occurred once a
shear load was applied, and these deformations became
greater with the increment of shear stress. When the shear
stress was less than 50, 75 and 125 kPa under the normal
stresses of 100, 200 and 400 kPa, respectively, only
attenuating creep was observed, during which shear strain
became constant and the strain rate became nearly zero.
When the shear stress was greater than the value mentioned
above, steady-state flow was observed, during which the
creep rate reached a constant value. When the shear stresses
reached 125, 187.5, and 300 kPa respectively, the specimens
underwent transient attenuating creep, steady creep and then
went into accelerating creep until the specimens failed.
These shear stresses 125, 187.5 and 300 kPa could be defined
as critical stresses corresponding to the normal stresses of
100, 200, and 400 kPa.

The creep behavior of the landslide’s slip zone illustrated
above indicates that it is strongly dependent on the stress
level. Interestingly, the values of shear stress leading to
failure of specimens in creeping shear seem to have an
approximately linear correlation with the normal stress
(Fig. 4). Such correlation could be used to estimate the
creep state of the Suoertou landslide given the sliding mass
thickness, density of its materials and the occurrence of its
slip zone is known. For example, at the sampling site (ZK3),
dip of the slip zone was about 10°, given the slide materials’
bulk gravity is 18 kN/m?, the normal stress and shear stress
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Fig. 3 Creep curves under normal stress of 100, 200 and 400 kPa

are about 1,134 and 200 kPa, respectively. According to the
relationship shown in Fig. 4, shear stress calculated was less
than the critical stress (726 kPa) leading to failure of the slip
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needed for the sample to experience creep from attenuating
state to steady state and to accelerated state. Notably the
initial shear strain rates leading to accelerated creep also had
an approximately linear corelation with the normal stress
similar to those of shear stresses (Fig. 6). On the other hand,
the minimum strain rate (e.g. 2.67e-3 min_' at 240 min in
Fig. 5a, 0.52e—3 min ' at 480 min in Fig. 5b, 6.58e~3 min '
at 240 min in Fig. 5¢) and the time to failure were almost
linearly related as well (Fig. 7). If the displacement of the
landslide is monitored, the slide’s creep state could also
be estimated based on the correlation shown in Fig. 6. Unfor-
tunately, for the landslide no systematic monitoring data has

0.01 0.1 1 10 100 1000
Time / min

10000 1000001000000

Fig. 5 Creep rate behavior of slip soil

been recorded at present. However, in any case, such corre-
lation revealed another criteria that could be used to estimate
the creep state of the landslide.

lgé = A x1g*t +B x1g°t + C x 1g’t+ D x 1gt + E (1)

lge =Axlgt+B (2)
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Conclusion

This experimental study revealed that the creep behavior
of the Suoertou landslide’s slip zone varies with both the
stress level and the initial shear stain rate. Specifically,
the following could be concluded:

1. Creep behavior of the Suoertou landslide’s slip zone was
strongly dependent on the stress level, including both
the normal and shear stresses. When the shear stress less
than 50, 75 and 125 kPa under normal stress of 100, 200
and 400 kPa, respectively, the slip zone underwent an
attenuating creep. Otherwise, it reached steady-state
creep. The slip zone did not reach accelerating creep
until the shear stress were 125, 187.5, and 300 kPa
under normal stresses of 100, 200, and 400 kPa,

respectively. Such critical shear stresses had an approxi-
mately linear relationship with the normal stress. Based
on this relationship, the Suoertou landslide has not
reached accelerated creep yet.

2. Initial strain rate also had a significant control on the slip
zone’s creep behavior. When the initial strain rate was
less than 0.653, 1.023 and 1.529 min~! under normal
stresses of 100, 200, and 400 kPa respectively, the slip
zone was in attenuating creep; otherwise the slip zone
reached steady-state creep. When the initial strain rate
reached 3.141, 3.688, and 4.5 min ', respectively, the
slip zone went into accelerating creep. The initial shear
strain rates leading to accelerated creep also had an
approximately linear correlation with the normal stress.
This could be another criteria to estimate creep state of
the landslide.

. Creep characteristcs of the slip zone revealed in this study
should be just part of its behavior as only one group of
tests has been completed currently. To get more informa-
tion about the creep behavior of the landslide’s slip zone
more tests are needed, which are in progress.
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Data Collection and Processing for Measurement
of Time-Variable Gravity Erosion in the Laboratory
Study

Xiang-Zhou Xu, Song Zhan, Qiao Yan, and Ming-Dong Zhu

Abstract

Researchers face great difficulties that few measurable data of gravity erosion on the Loess
Plateau are found due to a lack in observation techniques. A problem common to all of the
existing methods is that the data were observed after the failure events, and the gravity
erosion was not separated from other forms of erosion. This study presents a novel
experimental technique and a reliable data processing method that quantitatively measures
the time-variable gravity erosion on the steep loess slope in the laboratory test. A structure
with laser based gauge and the Topography Meter was designed and fabricated to monitor
the dynamic variation of the steep slope topography under rainfall simulation. As the slope
landform deforms over time, the process will be recorded in the video, and then imported
into the computer to acquire a snapshot image at particular time instance. Given depth in
ArcGIS, the 3D geometric shape of the target surface can be computed accurately. All
erosion data in every rainfall event, including the amount of each failure mass, the total
amount of soil loss, the total amount of hydraulic erosion, etc., could be calculated
according to the videos caught by the Topography Meter. It is recommended to make 3D
surface together with R2V and ArcGIS, although ArcGIS is sufficient for 3D surface
modelling, because contour tracing in R2V is implemented on the undistorted original
image, and R2V is also in much smaller size and easy to operate.

Keywords
Gravity erosion « Structure laser » Topography meter « ArcGIS « R2V

Introduction

Gravity erosion, also referred as gravitational erosion or
mass erosion, is the mass failure on steep slope, and is
triggered by self-weight in contrast to the physical move-
ment of wind and water required for other types of soil
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erosion. On the Loess Plateau of China, forms of gravity
erosion include landslides, earth flow, creep etc. (Tang
2004). Although gravity erosion generally takes place
together with hydraulic erosion in the rainfall event, the
mechanism and dynamics of them are different. Hence the
measures to control hydraulic erosion and gravity erosion
are different, and it is essential to quantitatively distinguish
the amount of them during a same event of rainfall. Yet
predicting just where and when a mass failure will occur
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continues to be a complex process. No direct observation of
the soil geotechnical parameters at the moment of failure at
any of the specific sites was recorded in the data set from
existing literature (Darby and Thorne 1996).

The volume of individual failure mass was normally
calculated by the slide area and the thickness of the slide
mass (depth to the failure plane). Sattar et al. (2011) deter-
mined the dimensions of an eroded gully by laser scanning,
and then showed a soil volume and a change in the body of
the landslide dam. Papers presented individual
measurements of landslide area and volume for multiple
slope failures in an area were studied (e.g., Whitehouse
1983; Derbyshire et al. 1995; Larsen and Torres-Sanchez
1998; Martin et al. 2002; Haflidason et al. 2005; Guzzetti
et al. 2009; Jaiswal et al. 2011). Nevertheless, a problem
common to all of the above techniques is that the data were
observed after the failure events, and the gravity erosion was
not separated from other forms of erosion. The assessment of
failure mass in the process of gravity erosion is hardly
possible to achieve for several reasons. First, site-specific
observation is almost impossible due to randomness of the
gravity erosion, and nobody knows when and where the
failure will occur. Second, gully erosion usually occurs by
a combination of soil transportation with water and mass
failure under gravity. Thus the amount of gravity erosion is
hard to be distinguished from other forms of soil loss. A third
trouble arises because, in general, the properties of earth
materials and slope conditions vary greatly over short
distances, and the timing, location, and intensity of trigger-
ing events, such as storm precipitation or earthquake shak-
ing, are difficult to forecast (Keefer and Larsen 2007).

Presently 3D shape measurement based on structured
light technique has been developed, which provides a great
opportunity to overcome the above problems. Employing a
digital projector and camera, the structured light 3D surface
imaging technique is able to extract the 3D surface shape
based on the information from the distortion of the projected
structured light pattern (e.g., Wang et al. 2010; Peng 2007;
Zhang 2005). However, no record has still been found in the
existing literature to acquire the 3D object in dynamic
motion using the above techniques (Geng 2011).

In order to represent the real complex geological objects
in mining, oil industries and geological research, it is impor-
tant to develop novel data models and algorithms to use real
measurement data for the re-construction of bodies (Xue
et al. 2004). Creating surfaces and 3D data can harness
information from GIS data that was not readily apparent in
its 2D form. The process involves identifying a series of
ground control points, known x and y coordinates, which
link locations on the raster dataset with locations in the
spatially ~referenced data (target data). However,
georeferencing in ArcGIS modifies the shape of the original
pixels and makes the background image deformed. Contours

will become unclear and uneasy to be portrayed. In contrast,
for R2V, counterdrawing is implemented on the original
image and georeferenced only after it output in *.shp or *.
dxf style.

This study presents a method of data collection and
processing that could quantitatively measure the time-
variable gravity erosion in the whole process of a rainfall
event. The focus of this research is to develop and verify
such a system and to demonstrate its practical value for the
failure process on the steep slope.

Experimental Setup

The hardware used by the Topography Meter consists of
regular devices: a camera, a laser source, and a position
device. Figure 1 shows a representative scheme for quanti-
tative monitoring of gravity erosion using a structured light
based gauge. A stripe pattern with equidistant horizontal
lines is generated by a laser source, and is recorded by a
camera with sighting direction perpendicular to the light
pattern. Positioning marks are placed on the fixed position
with same height.

As the slope terrain deforms over time, the process video
will be recorded, and then imported into the computer to
acquire a snapshot image at particular time instance. Given
depth in ArcGIS, the 3D geometric shape of the target
surface can be computed accurately. In the Topography
Meter we used a laser source with a monitoring range of
3.0 x 2.0 m and a SONYHDR-XRS550E video camera with
a resolution of 6.63 Megapixel. The laboratory calibration
tests on the wooden brae show that the relative errors of the
observed volumes were all within 10 % for the five landform
models with the volume of about 24,000 cm® and slope
gradients from 35° to 75° (Zhao et al. 2011).

Then we applied the Topography Meter on the real land-
slide experiments. In 2010 and 2012 at the Joint Laboratory
for Soil Erosion of Dalian University of Technology and
Tsinghua University, we have conducted a series of gully
bank collapse experiments under closely controlled
conditions. The landscape simulator consisted of a rainfall
simulator suspended above a flume containing the slope
model, as shown in Fig. 1. Six lines of five sprayer-styled
rainfall simulators were utilized to simulate rainfall in the
experimental plot covering 4.0 x 3.0 m. A short and intense
downpour, with an intensity of 0.8 mm/min and the duration
of 60 min, was applied. The landscape was constructed using
matrix loess collected from the Shunyi District, Beijing. The
50 % diameter of soil particles, D50, was 52.2 pm, and
specific gravity, ys, was 2.56. An experimental model land-
scape, with the steep slope of 60—80° and a gentle slope of
4°, was developed. Soil was prepared by hand patting to
generate a ‘smooth’ roughness to ensure a regular and



Data Collection and Processing for Measurement of Time-Variable Gravity Erosion in. ..

149

7/,//“//%/“
|

Water

4000

o

2(3ii)

/|

W
o=
\

N
N\

A\

\

\

\'
NN
AN \\\\\ \ \§

\
\

LN

\
\

\

\
\

Fig. 1 A representative scheme for quantitative monitoring of gravity
erosion using a structured light based gauge. I: Rainfall simulator; 2:
Topography Meter (i: Camera with a collimator; ii: Laser source); 3:

original microrelief. Five rainfall events were applied on the
slope in turn. An equal period, 24 h, was kept after each
rainfall. The Topography Meter was used to monitor the
dynamic variation of the steep slope topography under rain-
fall simulation.

Data Processing

Based on the contour map obtained by the Topography
Meter, we formed a 3D stereogram in ArcGIS software,
and then provided the slope parameters such as volume,
projection area and point coordinates. The calculation
method is as follows: (1) the volume of each individual
failure mass was calculated by comparing the failure block
geometries in the moments before and after the incident; (2)
the total amount of soil loss T in a rainfall event was that the
slope volume at the beginning of the rainfall subtracts that at
the end of the rainfall; and (3) the amount of hydraulic
erosion W in a rainfall event equaled that the total amount

Positioning marks; 4: Model slope; 5: Equidistant horizontal
projections. (a) Schematics of the topography meter measurement
system. (b) Picture of the experimental site

of soil loss T minus the sum of the volume of every individ-
ual failure mass in the rainfall event.

In the following text, a method is introduced to investi-
gate the slope volume. Involved software includes the Chi-
nese versions of QQ Video 2013 v4, Photoshop 6.0, R2V 5.5
and ArcGIS 10.0. The technical rote is shown in Fig. 2.

Getting the Screenshot in QQ Video and
Marking the Landslide Scar in Photoshop

Case no. 1—Dealing with the individual collapse. WE
use the software QQ Video to open the test video, and tap
the keyboard shortcuts Alt + A to get the screenshots
seconds before the failure starts and soon after the inci-
dent finishes. Then we add the virtual boundaries in the
screenshots in Photoshop. The boundaries should enclose
the scar causing the individual collapse. Surely, the
frames in the two images should be in same location
and with same size.
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Fig. 2 Data processing method
of MX-2010-G topography meter
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Case no. 2—Dealing with the total erosion during a rain-
fall. We use the software QQ Video to open the test video,
and get the screenshot before the start of sprinkling. Then
we go to the scene as the rainfall stops, and get the
screenshot too. We open the screenshots in Photoshop,
and add the virtual boundaries in the screenshots including
the scope of all soil erosion during the rainfall.

Digitizing the Topographic Map in R2V

WE load the picture with virtual boundary in R2V, and then
portray the contours, set the contour heights and input the
control points. Finally, we output the above file as format *.
shp or *.dxf. Since measurement accuracy of the failure
volume is influenced by the tracing precision of the contours,
more attentions should be paid to make sure the contour
matches the laser line in the screenshot.

Creating a TIN Surface and Calculating the
Volume in ArcGIS

We open ArcScene of the ArcGIS, input the vector file *.shp”
or *.dxf, and form the TIN surface of the slope. Comparing to
the screenshot, we can check the surface and make sure it is
all right, and then calculate the volume of the given surface
with the command Surface Volume. Otherwise, we inspect
and revise the file *.prj in R2V once more.

Calculation Results and Discussion

The Topography Meter has completed observation for more
than 120 events of rainfall simulation of the experiments in
2010 and 2012, and has been proved to be reliable and easy
to use. All erosion data in every rainfall event, including the
amount of each failure mass, the total amount of soil loss, the
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Table 1 Calculated amounts of gravity erosions: a sample

Soil loss during rainfall (cm3)

Experiment Rainfall event Events of gravity erosion Total (T) Gravity erosion (G1) Hydraulic erosion (H) G1/T(%)

L60-1.5-80d 120924-1 3 1.31E + 04 8.51E + 02 1.22E + 04 6.50
120924-2 21 2.60E + 05 2.40E + 05 2.05E + 04 92.14
120925-3 2 1.09E + 04 6.21E + 03 4.64E + 03 57.21
120925-4 8 5.38E + 05 3.58E + 05 1.80E + 05 66.46
120926-5 0 2.24E + 04 0.00E + 00 2.24E + 04 0.00
120926-6 13 241E + 05 1.20E + 05 1.20E + 05 49.96

Fig. 3 Comparison of the
prototype slope and the three-
dimensional vector. (a) The input
image (b) The resulting 3D
surface

total amount of hydraulic erosion, etc., have been calculated
according to the videos caught by the Topography Meter.

Table 1 illustrates the calculated amounts of gravity
erosions in Experiment L60-1.5-80d we performed in
2012. The slope height was 1.5 m and gradient was 80° of
the initial landscape in this experiment. Any collapses with
volume more than 100 cm® were accurately metered. In the
third event, landslides with amount more than 100 cm?
occurred two times, and the total amount of gravity erosion
reached 6,210 cm®, all of which completed in a very short
time. Simultaneously, the amount of hydraulic erosion was
4,640 cm3, which lasted for the whole term of rainfall simu-
lation. Hence gravity erosion was undoubtedly more danger-
ous than hydraulic erosion.

In Fig. 3, we show a typical scenario and the resulting 3D
digital model on the failure surface. High resolution is
achieved by only labeling the grid surface, and results obtained
by the Topography Meter keep quite constant to the real in-situ
phenomena. Different to any other monitoring devices, the
Topography Meter only settles the landslip areas just before
and after the failure incident. Consequently it could evaluate
the failure mass bulk more quickly and precisely. Then the
volume of “pure” gravity erosion will be also calculated due to
the distinction of hydraulic erosion and gravity erosion.

Making 3D surfaces together with R2V and ArcGIS is
preferable. In this research, contours were traced with the
undistorted original image in advance and then the
coordinates of control points were set in R2V. Thus the
laser projection was clear and easy to be traced. Further-
more, R2V is in much smaller size than ArcGIS and easy to

operate. On the other hand, it is important to improve the
regulation on the intermediate data checking and calibration.
In order to increase work efficiency, popularizing the data
processing method and working on a document by multiple
people is needed, for onerous data processing.

Conclusions

The experiments presented here demonstrate the possibil-
ity of quantitatively measuring time-variable gravity ero-
sion on the steep loess slope. All erosion data in every
rainfall event, including the amount of each failure mass,
the total amount of soil loss, the total amount of hydraulic
erosion, etc., could be calculated according to the videos
caught by the Topography Meter.

It is recommendable to make 3D surface together with
R2V and ArcGIS although ArcGIS is sufficient for 3D
surface modelling, because contour tracing in R2V is
implemented on the undistorted original image, and
R2V is also in much smaller size and easy to operate.
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of Slopes

Study on the Effect of Plant Roots for Stability

Udeni P. Nawagamuwa, S. Sarangan, B. Janagan, and S. Neerajapriya

Abstract

There have been several studies on the properties of plants, which are beneficial to critical
slopes in preventing failures. However, the impacts of the tensile properties of the plant
roots have to be studied in detail. In this study, three different situations were addressed:
completely dry, saturated and unsaturated. Under these three situations, stability of differ-
ent slopes with different soil conditions was studied. Some roots were tested through the
tensile testing machine normally used for yarn testing and some were tested with the
traditional tensometer. Variation of root diameter was established by measuring the roots
of tea plants available at cut slopes. Literature was found on the variation of tensile strength
of tea roots with its diameter. Slopes of the tea estates were modeled considering the
number of tea plants available in a particular slope. This was later converted to a percentage
cover and values of factor of safety (FOS) were compared by changing different soil
properties with the percentage of cover. It was found that the FOS tends to increase with
the percentage cover under completely dry, saturated and unsaturated situations. However,
it was learnt that the impact of tensile capacity of roots had not been so high under dry and
saturated cases for cohesionless soils compared to the same situation under unsaturated

condition which had high FOS values due to the plant properties.

Keywords

Slope stability » Tensile strength of plant roots « Percentage cover

Introduction

Slope instability has been a major problem faced by the
geotechnical engineers. This causes heavy damages and
losses, such as loss of lives and property and which will
have a significant impact on the country’s economy. It is
therefore, necessary to stabilize the slopes in an effective
and economical way. There are lots of solutions, such as
retaining structures and other different mechancial ways of
improving. They effectively provide immediate stabilization
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Department of Civil Engineering, University of Moratuwa, Moratuwa,
Sri Lanka

e-mail: udeni@uom.lk
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and erosion control on the slopes. However, the adverse
effects on the environment and their costs are major
drawbacks. There are many internal causes for slope failures
such as gravity, weak material and structures, triggering
events and water table. Removal of vegetation is a common
external factor which will lead to landslide vulnerability in
slopes. Loss of vegetative cover often initiates soil degrada-
tion causing the site to become less productive. Conven-
tional erosion control and re vegetation efforts subsequent
to construction are often ineffective and fail to adequately
protect bare soil from incidental surface erosion and adjacent
slope impacts (Menashe 2001). Therefore, it is necessary
to have an alternative which is more cost effective and
aesthetically pleasing than traditional methods. The rein-
forcement of soil by vegetation is a preferred solution for
the stabilization of both natural and man-made slopes.
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Fig. 1 Role of vegetation in slope stability (Greenwood et al. 2004)

A Bio-Structural approach (by vegetation) to stabilize
slopes can be treated as less expensive, more effective,
environmental friendly, more adaptable over the long term
than purely structural solutions. The vegetation influences
the slope stability in following ways:

* By mechanically reinforcing the slopes through plant
roots;

» By increasing soil suction or reducing the pore water
pressure, hence, increasing the soil shear strength through
the removal of water by evaporation through vegetation;

» By the surcharge from the weight of trees; and

» By “wind throwing” or “root wedging”.

Role of vegetation, as presented by Greenwood et al.
(2004), is depicted in Fig. 1.

Scope of the Study

The main objective of this research is to study the positive
effects of tree roots in reducing landslide vulnerability by
conducting laboratory experiments and analysis. Sample
collections, carrying out of tensile tests on root samples,
developing equations incorporating tensile strength of
roots, obtaining FOS for different soil conditions and slope
characteristics and analysis of the results are considered as
the basic steps of executing this study.

Three scenarios were considered in the analysis:
1. Dry soil condition,
2. Saturated soil condition, and
3. Unsaturated soil condition.

However, only the unsaturated condition is discussed in
this paper because the impact of having roots in the sytem in
the other two scenarios is not significant.

(-ve) Pore water A Height
Pressure .

Level of the water

\VA

Unsaturated Soil

L

Saturated Soil

(+ve) Pore water
Pressure

Fig. 2 Variation of matric suction (Sujeevan and Kulathilaka 2010)

Unsaturated Condition and Matric Suction

When the soil is considered as a porous material above the
ground water table with some voids filled with air. The soil is
in an unsaturated state and three phase system exists with
solids, water, and air. Consequently, both pore water pres-
sure (u,,) and pore air pressure (u,) should be considered in
the analysis. The pore air pressure is usually equal to the
atmospheric pressure. The pore water pressure above ground
water table is less than atmospheric pressure and the varia-
tion is presented in a simplified form by Sujeevan and
Kulathilaka (2010). Providing a limit to the practically pos-
sible maximum matric suction, a more realistic distribution
is presented by the broken lines in Fig. 2. Two stress
variables c-u, termed net normal stress and u,-u,, termed
matric suction have been considered.

Further variations of the pore water pressure with depth is
presented by Sujeevan and Kulathilaka (2010) as shown in
Fig. 3. The different curves in Fig. 3 refer to prolonged
rainfall as given in the legend. The shear strength of the
unsaturated soils is enhanced by the presence of matric
suction. With the infiltration of rainwater, the matric suction
will be depleted upto some depth. As the rain event
progresses, the depth of depletion increases.

Tensile Capacity of Tea Roots

Tensile force was tested for different root diameters and the
results showed that the tensile force of the tea plant increased
significantly with increasing root diameter. The vertical
roots penetrate the slip surface to work against failure. This
situation assumes that the tensile strength of roots becomes
fully mobilized for the roots that are deeply embedded into
the soil. The following equation represents the relationship
between tensile force and root diameter of tea plant (Lateh
et al. 2011).
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Fig. 3 Pore water pressure variation along depth (Sujeevan and
Kulathilaka 2010)

TFr = 0.023d* + 0.051d + 0.069 (1)

TFr had been defined as the root tensile force of a tea
plant and d is the diameter of the root (Lateh et al. 2011).
This result is shown in Fig. 4. The results obtained for the
considered plants have been checked and proved to be in
agreement with many other authors (Bischetti et al. 2005;
Genet et al. 2005) confirming the validity of the general
power law equation for the relationship between root tensile
strength and root diameter.

The following equations were developed using Bishop’s
method after incorporating tensile strength of roots. It should
be noted that the effective internal friction angle ¢’ is unaf-
fected by root reinforcement (as confirmed by Genet et al.
2006).

Root length Vs Diameter(cm)

Root length(m)

Diameter(cm)

Fig. 5 Root length vs. diameter relationship for Sri Lankan tea plants
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Fig. 6 Roots were visible near
cut slopes in the estate sector
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Fig. 7 Obtained graphs for above specified soil and slope

characteristics

To develop equations (2) and (3), following relationship
was used, considering the shear strength properties of unsat-
urated soils.

1
T=s [/ + (64 — ug) tan @ + (uy —uy) tang®  (4)
Following key notations are used in this study:
F—Factor of Safety
¢/'—Cohesion
w;—Weight of the ith soil slice

FOS Vs % Coverage(Unsaturated)

FOS
[y
te)
w

1.45 = _
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C'=30kPa % Coverage
Axi=2m -.-caSEl{T:O:l
B=30 = Case2(T=50kN per slice}
$'=0 —4—Case3(T=100kN per slice)

Fig. 8 Obtained graphs for a specified soil and slope characteristics
(details are given in the figure itself)

p—Slope angle

u;—Pore water pressure on the ith slice

¢'—Friction angle

T,—Tensile capacity root

Ax;—Horizontal width of slice

d"—Angle indicating the rate of increase in shear
strength relative to the matric suction

(u,—u,,)—matric suction

Shear strength parameters could be measured using
drained triaxial shear tests. However, this research study
assumed several possible variations in strength parameters
and numerically evaluated different factor of safety values.
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Values of Matric Suction

The above equations contain the term matric suction. This
means that for evaluating the factor of safety, matric suction
should be readily available at the failure surface. The matric
suction pressures can be achieved by directly measuring the
pore water and air pressures of a specimen. However, in this
research, values for matric suction were obtained from the
study carried out by Sujeevan and Kulathilaka (2010).

The tensile strength of the tree roots against their root
diameter was obtained from Lateh et al. (2011). Required
samples were collected from tea estates and subsequently,
the root length vs root diameter relationship was developed.
For the calculations, expected root length was estimated and
with that possible root diameter, the corresponding tensile
capacity were obtained. Those results are shown in Fig. 5.
Data was collected to obtain a relationship between root
diameter and root length from Sri Lankan tea estates where
roots are visible at near cut slopes in the estate sector. Few
such examples are shown in Fig. 6a, b.

Percentage Cover

Percentage cover is defined in this research as the fraction
between the available number of trees in a slope and the
maximum number of trees that can occupy the slope. For
example, if a 100 kN (representing all the roots) tensile

naEeing 3t 1 10000 10 b4 commenced

6 Wiematen

capacity is considered for a slice that means this 100 kN is
the maximum tensile capacity that can be mobilised with the
fully covered vegetation. Then, for the 50 % coverage,
50 kN (representing all the roots) tensile capacity is used
for calculations.

Discussion of Results

Different values for factor of safety were numerically
evaluated by varying the shear strength paramters. Figures 7
and 8 show some selected results for different conditions.
These results clealry indicate that there is a high influence of
plant roots (due to coverage) towards the factor of safety.
The tea plants in Sri Lankan estate sector were chosen for the
study because most of the critical slopes in the central
province (land slide prone area) are occupied by tea plants.
This can be clearly observed in the Fig. 9a, b, which contain
a Tea Plantation map of Sri Lanka and a Hazard Zonation
map of Sri Lanka, respectively.

It was further learnt that due to proper managment of
surface water and practice of tea plants in the tea estate
sector, the vulnerability to landslides is noticeably low.
Through the literature review, a relationship between the
root tensile capacities of tree roots with its diameter was
obtained. Developed equation required the tensile capacity
of the roots in the failure plane. Therefore, tea root samples
were collected and the root lengths were measured with its
diameter where the roots are exposed in the visible slopes.
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However, it should be noted that the root tensile capacity
graph obtained from the literature review is not from Sri
Lanka and it was assumed that the tensile capacity of the tree
roots would not change significantly.

It was considered that the tensile forces will not contrib-
ute to equilibrium of the soil wedge when it is in equilibrium.
The tensile force will be mobilized when the soil wedge
exceeds limit equilibrium condition.

Conclusions

Following conclusions could be made with the findings of
this study:

» Factor of safety (FOS) plots clearly show that the FOS
linearly increases with the percentage coverage of tree
roots.

 Steeper slopes without cohesion, cannot be considered as
suitable even with the full vegetation coverage.

+ Matric suction enhances the FOS values of the slopes, but
as the rainfall increases, matric suction depletes and this
will cause a reduction in FOS and slope instability.

» The results were obtained by considering only the effects
of tree roots and surcharge from the plants but transpira-
tion and wind effects are not considered.

» The surcharge from the tree roots increases the slope
instability but the plants in the toes of the slopes contrib-
ute to the stability of slopes.
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for Debris Flow
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The Dynamic Process and Sensitivity Analysis

Abstract

The dynamic process and sensitivity in the debris transportation process are important
topics in the study of rapid landslides and debris flows. The motion process of debris flow is
recognised as a dynamic interaction between the original moving material and the entrained
basal topsoil shearing along their non-slip contact surface. In this paper, we employed
numerical modelling to clarify the erosional effects, and use statistical method to compare
the influence degree of rheological parameters on the runout behavior. The simulated
results show that unconfined flows typically exhibit a wide range of entrainment and
deposition volume, whereas confined flows yield moderate volumes of entrainment and
small volumes of deposition. The basal topography is an important factor in influencing the
debris transportation and deposition processes. The velocity, runout distance, and deposi-
tion area and volume are more sensitive to underlying surface conditions, particles of
debris, pore water pressure; and can affect the debris intensity, disaster area and scale to a
large extent. Conversely, the velocity, runout distance, and deposition area and volume, are
less sensitive to the source volume of debris flows, and can only affect the velocity to a little
extent. The proposed suggestions can be utilized conveniently in general geotechnical

engineering practices.
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Introduction

Debris flows are rapid, gravity-induced mass movements of
granular solids, water, and air (Varnes 1978). They usually
occur in regions with steep relief and at least occasional
rainfall (Jakob 2005; Schuster et al. 2002; Takahashi 1981).
Because of their high mobility, velocity, and density, debris
flows can be very destructive and damaging when they
encounter infrastructures such as buildings, roads, bridges,
pipelines, and hydropower facilities, and they may lead to
loss of human life (Chen and Lee 2000, 2003). Debris flows
are widespread and common in many steeply sloping areas. In
mountain areas, intense and localised storms may cause flash
floods with significant sediment transport. In steep torrents,
the sediment discharge may increase so that the solid volu-
metric concentration often exceeds 40-50 %. Such events are

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 159
DOI 10.1007/978-3-319-05050-8_26, © Springer International Publishing Switzerland 2014
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called debris flows and transport huge volumes of sediments
that are then deposited on alluvial fans, which are often
densely populated. In recent years, debris flows have been
recognized as one of the major natural risks.

The mechanism of mass changes in a debris transporta-
tion process is an interesting but sometimes controversial
topic. Based on the equation of motion, Cannon and Savage
(1988) developed a lumped-mass model to consider the
entrainment or subtracting material lost during debris move-
ment, in which the existence of action-reaction pairs of
forces propelling the slide mass along the runout surface
was implied. Similarly, van Gassen and Cruden (1989)
explained the momentum transfer of debris deposition, and
calculated runout distances of rockslides. However, Hungr
(1990a, b) pointed out that there were no such forces to
propel the slide mass along the runout path; the velocity of
mass expelled from the flow must be equal to zero. Erlichson
(1991) also indicated that the depositing material slowed by
interaction with the bed rather than with the material that
continues to move. The cited author further concluded that
the equation of motion is unsuitable to apply directly to the
debris flow system.

Basal erosion and surficial material entrainment are fre-
quently observed in the field on debris flows during runouts.
It embodies the process by which the underlying material is
incorporated into the original moving material, resulting in a
material volume enlargement of the moving system. Gully
erosion and soil slip through the removal of topsoil carve out
a low-relief erosional topography. Material can also be lost
from the flow by deposition in the form of detached tails or
lateral levees during runout. Therefore, mass changes in
debris runout affect the behaviour of the flow system and
the areal extents of debris. However, few researchers have
focused on the impacts of rheological parameters of debris
flow on the mass changes, erosion and entrainment of mass,
and dynamic process of debris flow.

The aims of the present study were: (1) to analyze the
mobility of debris flow using the quasi-three-dimensional
finite-element method in the Lagrangian frame of reference;
(2) to evaluate the influence degree of the basal friction and
the turbulent coefficient of debris on the behaviour of ero-
sion and entrainment, and to quantitatively assess the sensi-
tivity of rheological parameters in terms of the Voellmy
model of the rheological formulae, by employing the One-
way and Two-way analysis of variance (ANOVA) methods.

Numerical Modelling

In the present study, mobility analyses are conducted using
the quasi-three-dimensional finite element method of Chen
and Lee (2000) in the Lagrangian frame of reference. We
calibrate the model parameters through soil test and back-

Fig. 1 Set-up of the numerical experiments

analyses of the past slope failures. We then assign series of
rheological parameters to numerically model those scenarios
analogous to different basal and scale conditions and use
them to predict the runout, with different turbulence
coefficients and dynamic basal friction angles. Validations
and applications of the adopted numerical method can also
be found in Chen and Lee (2002, 2003) and Crosta et al.
(2004) with various rheologic kernels.

In order to evaluate the erosional effects on debris runout
behaviour, we set up the series of numerical modelling with
concave basal topographies, rheologic formulae (Voellmy
model) and yield rates (0.007) (Chen et al. 2006). The
geometric configurations are designed as an inclined slope
(40°) and a horizontal runout zone connected with a linear
transition zone. The x—y plane of the Cartesian coordinate
sits on the horizontal zone with the origin coinciding with
the projection of the centre of mass of the initial material.
The x-axis is aligned with the steepest descent of the slope
surface (Fig. 1). Two basal topographies are considered for
the slope: an inclined plane (series A), and one on which a
shallow channel is superposed with a concave cross-slope
profile (series B) that laterally constrains the material move-
ment. All tests begin with the same amount of material
resting on the upper section of the inclined zone. The initial
mass is a spherical cap whose projection on the x—y plane is
a circle with radius R = 1 m. The maximum height of the
initial mass is H = 1/4 R = 0.25 m, which gives an initial
Vo = %TEH(SR2 + H2) =1.58m?. The slope
projected on the x-axis lies in the range x < 9 m, and the
horizontal runout zone is x>11R, and the slope width is 8 m
(=4 m ~ 44 m). The concave channel projected on the y-

volume
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Fig. 2 Projection of debris profiles on horizontal plane (Voellmy model). (a) unconfined flows, (b) partially confined flows

axis lies in the range —2 m < y < 2 m, the deepest part
located at x = 0, at the depth of 0.25 m.

The granular material is assumed to have an internal fric-
tion angle ¢ = 30°. In Voellmy rheology, the effective
dynamic friction coefficient p = 0.1, and the dimensionless
turbulent coefficient & = 1, 000 m/s”. The unstructured mesh
of the initial mass is shown in the inset in Fig. 1, where the
front and rear are intentionally refined. The convergence tests
conducted ensure that the resolution of discretisation is suffi-
cient to reveal the most relevant flow features.

Results of Dynamic Process for Debris Flow

Figure 2a gives the time sequence of the margins of the
unconfined flows (series A). The margin changes from
initially a circle to a teardrop shape with a wider, blunt
front but a concave, narrow end, which may be caused by
the turbulent effect from the Voellmy rheology. Lateral
spreading is significant. A higher yield rate results in a flatter
rear. For channelized flows (series B), longitudinal
stretching is dominant but lateral spreading is trivial because
of side confinement, as shown in Fig. 2b. The convex front
deposits in the horizontal zone while the narrow concave
rear is still up in the transition zone that is partially confined.
Entrainment with a higher yield rate produces a blunter, less
pointed front.

The deposit profiles and thickness distributions are also
included in Fig. 2, showing a blunt concave front

(unconfined flow, series A) and a tongue-shaped front
(channelized flow, series B) respectively. A higher yield
rate always corresponds to a wider front and a longer propa-
gation. For the same yield rate, the front of the channelized
flow (series B) displaces further than that of the unconfined
flow (series A). It is also noted that the maximum deposit
thickness locates largely in the mid-deposit, or slightly
towards the front, although the front and the tail are thinly
distributed. The centre of mass of the deposit is almost
around its maximum thickness. The mass profiles are cut
longitudinally along the centre of the descending axis of the
flow, shaping from a relatively thick tail and a thin front to a
thick body and a thin proximal end in the deposition zone. A
higher erosion rate corresponds to a thicker deposit depth. In
comparison, the entrainment and runout geometry strongly
influences the variations of mean velocity. Generally, the
entire body of the debris moves faster, but it also halts faster
owing to the increase of system inertia through erosion.
Under the same yield rate, the mean velocity of the
channelized flow has a higher peak value but decreases
faster than that of the unconfined flow. Again, for the same
yield rates, the unconfined flows remove more material from
the bed during runout than the channelized ones. The front
velocity during runout shows a similar trend regardless of
yield rate or runout geometry conditions. Under the same
runout geometry, a larger value of front velocity corresponds
to a higher yield rate. Under the same yield rate, the fronts of
unconfined flows move slower than those of channelized
ones when they travel the same distance.
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Fig. 3 Three-dimensional surface map of each index. (a) The maximum velocity, (b) movement distance, (¢) deposition area, (d) deposition

volume

Results of Sensitivity Analysis for Rheological
Parameters

Numerical Simulation Analysis on Debris
Mobility with Different Rheological Parameters

In order to evaluate the sensitivity of rheological parameters
to debris runout behaviour, we consider the influence of
basal friction and the turbulence coefficient on the debris
mobility. The numerical experiments involve a total of 54
working conditions, including six dynamic basal friction
angles (6—16°, with increment A5 = 2°) and nine turbulence
coefficient (500-1,300 m/sz, with increment AE = 100 m/
s?).

The three-dimensional surface maps of maximum veloc-
ity, movement distance, deposition area and deposition vol-
ume under different dynamic basal friction angle and
turbulent coefficient are shown in Fig. 3. It shows that the
variation tendency of maximum velocity is the same as the
other three indices; however, the tendency of maximum
velocity is closer to the plane (see Fig. 3a). Under the same
turbulence coefficient, maximum velocity decrease linearly
with the gradual increase of basal friction angle, under
different turbulence coefficient, the decreasing trend and
extent of maximum velocity are consistent. On the other
hand, under the same basal friction angle, maximum velocity
increases linearly with the increase of the turbulence
coefficients, under the different basal friction angle, the
increasing trend and extent of maximum velocity are
consistent.

The variation tendencies of other three indices are similar
to that with velocity; the three-dimensional surface maps are
of curved shape. Under the same turbulence coefficient,
movement distance, deposition area and volume are concave
decreasing trend in the increase of basal friction angle.
Under different turbulence coefficient, the decreasing trend
of three indices is consistent; however, the extent of reduc-
tion is greater than the change in velocity. Under the same
basal friction angle, movement distance, deposition area and

volume are linearly increasing; the extent of reduction is
little. The extent of the increase gradually decreases with
the increase of basal friction angle.

One-Way ANOVA on Intensity and Scale
of Debris Flow

A One-Way ANOVA (Analysis of Variance) is a statistical
technique by which we can test if three or more means are
equal. It tests if the value of a single variable differs signifi-
cantly among three or more levels of a factor. In this paper,
we respectively tested the means of the single variable such
as maximum velocity, movement distance, and deposition
area, deposition volume among six levels of dynamic basal
friction angles and nine levels turbulence coefficients. The
results are shown is Tables 1 and 2.

In terms of the details of the ANOVA test (see Table 1),
note that the number of degrees of freedom (DF) for the
between groups (8) is less than the number of DF within
groups (45) and the overall F test is significant (F > 1, P
< 0.001) in four cases; showing that the variance between
groups is greater than the variance within groups, due to the
differences by grouping is far beyond the differences by
sampling. Therefore, we can reject the original hypothesis,
and conclude that there are significant mean differences of
each single variable under different dynamic basal friction
angles.

In terms of the details of the ANOVA test (see Table 2),
note that the number of degrees of freedom (DF) for the
between groups (8) is less than the number of DF within
groups (45) and the overall F test is significant (F = 6.772,
P < 0.001) in only case of maximum velocity, indicating
there are significant mean differences of maximum velocity
under different turbulence coefficients. However, the overall
F test is insignificant (F =~ 1 or < 1, P > 0.05) in other
cases of movement distance, and deposition area and depo-
sition volume, showing there are insignificant mean
differences of these variables under different turbulence
coefficients.
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Table 1 One-way ANOVA results under the different dynamic basal friction angle
Dynamic basal friction angle & Sum of squares DF Mean square F value Sig.
Vinax (M/s) Between groups 9.018 5 1.804 7912 0.000
Within groups 10.943 48 0.228
Total 19.961 53
Movement distance (m) Between groups 85.778 5 17.156 36.835 0.000
Within groups 22.356 48 0.466
Total 108.133 53
Deposition area (m?) Between groups 1.376 5 0.275 156.087 0.000
Within groups 0.085 48 0.002
Total 1.461 53
Deposition volume (m?) Between groups 2,238.721 5 447.744 73.011 0.000
Within groups 294.364 48 6.133
Total 2,533.086 53
Table 2 One-way ANOVA results under different turbulence coefficient
Turbulent coefficient & Sum of squares DF Mean square F value Sig.
Vinax (m/s) Between groups 10.904 8 1.363 6.772 0.000
Within groups 9.057 45 0.201
Total 19.961 53
Movement distance (m) Between groups 21.160 8 2.645 1.369 0.236
Within groups 86.973 45 1.933
Total 108.133 53
Deposition area (m?) Between groups 0.054 8 0.007 0.215 0.987
Within groups 1.407 45 0.031
Total 1.461 53
Deposition volume (m?) Between groups 237.646 8 29.706 0.582 0.787
Within groups 2,295.440 45 51.010
Total 2,533.086 53

The ANOVA results therefore show that the dynamic
basal friction angle can affect maximum velocity, movement
distance, and deposition area and deposition volume of
debris flows. Conversely, the turbulence coefficient can
only affect maximum velocity.

Two-Way ANOVA on Velocity of Debris Flow

Based on the above analysis, the turbulence coefficients and
dynamic basal friction angles can both impact on the veloc-
ity of debris flow. Which among the rheological parameters
or the interaction between parameters greater impact on the
velocity? We employed a two-way ANOVA to solve it.
The profile plot is a line plot in which each point indicates
the estimated marginal mean of a dependent variable (veloc-
ity) at one level of a factor. The levels of a second factor can
be used to make separate lines (see Fig. 4a, b). As can be
seen from these figures, profile plots of each factor are
parallel, is not convergent. It shows that the effect of basal
friction angle, and the effect of turbulence coefficient are
independent of the maximum flow rate, and there is no
interaction between two parameters, which means that

there is only the effect of main factors. Therefore, we
employed a Two-Way ANOVA without interaction to com-
pare the effect of multiple levels of two factors (turbulence
coefficient and dynamic basal friction angle). The results are
shown is Table 3.

In terms of the details of the ANOVA test (see Table 3),
the overall F test is significant (F > 1, P < 0.001) of two
factors; indicating that there are significant mean differences
of velocity under different dynamic basal friction angles and
turbulent coefficient. On the other hand, the F value of
dynamic basal friction angle is bigger than F value of
dynamic basal friction angle, showing that the influence of
dynamic basal friction angle on debris is greater than the
impact of the turbulent coefficients.

Conclusions

The front of the channelized flows propagates further than
that of the unconfined flows, as confinement strongly
influences the overall displacement and the thickness dis-
tribution in the deposition zone. Moreover, the volumetric
accumulation processes demonstrate that unconfined flows
erode more materials than their channelized counterparts
owing to the lateral spreading. The computational results
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Fig. 4 The profile plot of marginal mean of the velocity
Table 3 Two-way ANOVA results of the maximum velocity without interaction
Source Type III sum of squares df Mean square F value Sig.
Corrected model 19.923% 13 1.533 1,584.389 0.000
Intercept 2,030.084 2,030.084 2,098,816.831 0.000
Dynamic basal friction angle 9.018 1.804 1,864.758 0.000
Turbulent coefficient 10.904 8 1.363 1,409.158 0.000
Error 0.039 40 0.001
Total 2,050.046 54
Corrected total 19.961 53

R squared = 0.998 (adjusted R squared = 0.997)

coincide with some field observations that unconfined
flows typically exhibit a wide range of entrainment and
deposition volume, whereas confined flows yield moder-
ate volumes of entrainment and small volumes of deposi-
tion. The calculations also suggest that basal topography
is an important factor influencing the debris transporta-
tion and deposition processes.

A higher friction angle can lead to greater energy
dissipation, and a higher turbulent coefficient can sweep
more material of the surrounding medium. The basal
condition and turbulent item both influence the velocity,
and the effect of basal condition is greater than the turbu-
lent item on the velocity, and there is no interaction effect
between the two parameters on the velocity.

The velocity, runout distance, and deposition area and
volume are more sensitive to underlying surface
conditions, particles of debris, pore water pressure; it
shows that these factors have very close connection
with debris intensity and disaster area and scale, and can
affect the debris intensity and disaster area and scale to a
large extent. Conversely, the velocity, runout distance,
and deposition area and volume, are less sensitive to the
source volume of debris flows, and can only affect the
velocity to a little extent.
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Evaluation of Sensitivity of the WAA and SINMAP
Models (Static) for Landslide Susceptibility Risk
Mapping in Sri Lanka

A.A. Virajh Dias and A.A.J.K. Gunathilake

Abstract

Shallow landslides are one of the most common types of failures occurring frequently in
steep slopes, overburden soil and landscapes in different climatic zones. The effect of
topography, slope angle, slope drainage, vicinity of road and infrastructure, overburden soil
depth and geology are important factors for the interpretation of the recurrence of shallow
landslides. Data, although insufficient in number, has stimulated the debate about the effect
of geology and topography on the susceptibility of shallow landsliding. An Analytical
Hierarchical Process is applied in order to derive the weights associated with attribute map
layers. Based on these weights, GIS datasets are combined by weighted Average Analysis
(WAA) and the landslide susceptibility map of the study area is created. The resulting
information was compared with the landslide susceptibility map derived through the
Stability Index Mapping (SINMAP) model. Both outputs are useful for a better understand-
ing of landslide susceptibility and their origins and prioritization of efforts for the reduction
and mitigation of future landslide hazards. Sensitivity of both approaches was fine tuned
with the overburden soil strength parameters, geomorphological evidences and field verifi-
cation techniques.

Keywords
Landsides « AHP « Susceptibility « SINMAP

Introduction

relatively short periods of time creates the development of
excessive pore water pressure at shallow depths of the slope

Natural instabilities and movement of material on hill slopes
have induced researchers to model and predict the behavior
of landslide movements. The most common slope instabi-
lities in Sri Lanka represented by an initiatial shallow rota-
tional or translational slides followed by a flowage mass
(Cooray 1994). The infiltration of heavy downpours within
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almost parallel to the morphology. Contact with less perme-
able bedrock tends to increase the pore water pressure and
cause significant reduction of shear strength or causes the
soil to reach a maximum permissible strain leading to down-
ward and outward movement of the slope (Bhandari et al.
1992). Such regional scale destabilisations are, therefore,
necessary to evaluate the landslide susceptibility through
an appropriate spatial analysis model to interpret the poten-
tially hazardous conditions.
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Slope Dynamics

Landslides result from independent or combined effect of
spatio-temporal intrinsic and extrinsic variables, including
hydrology (rainfall, evapotranspiration and ground water),
topography (slopes and ground setting), geology (soil and
rock), land use (vegetation surcharge, and root strength) and
human activities including excavation, trenching and
backfilling (Van Westen 1993). Relatively static environ-
mental factors (i.e. elevation, slope, aspect and topographic
curvatures) exhibit negligible changes in their state through
time and differ from dynamic factors such as climatic or
human activities which tend to alter landslide susceptibility
through time (Varnes 1984). However, the spatio-temporal
differences do exist in both environments. To predict the
spatial and temporal pattern of the areas susceptible to land-
slide, a distribution approach is needed that incorporates
varying precipitation intensity, soil depth, vegetation (spe-
cies, age, density) and root strength. Some of the difficulties
arise in the modeling of the unsaturated boundary condition
and the flow through the unsaturated soil (Dias et al. 2001).

Understanding factors which influence slope stability
should be firmly based on the principles of effective stress
and the influence of strains and deformations on shear
strength. Moreover, the importance of geology, geological
history and geological modeling can hardly be overstated
(Fookes 1997; Fookes et al. 2000; Hutchinson 1988). Con-
ventional stability analyses play a useful but limited role in
assessing and managing slopes. For a discussion of the
merits and limitations of conventional deterministic and
probabilistic analyses, refer to the explanations given in
Chowdhury and Flentje (1998).

Landslide dynamics get remarkably modulated by inter-
play of several factors. Therefore, all related scientific stud-
ies must necessarily attempt to correlate cause-effect
relationship (Bhandari and Dias 1996). Since the advantage
of slope movement and piezometric measurements may not
always be available, it may often be helpful to correlate
rainfall intensities with possible initiation of Riedel shears
and other slope surface features particularly in landslide
susceptible areas (Bhandari and Dias 1996).

Study Area

The selected study area is in the Kalawana Administrative
Division which belongs to Rathnapura District,
Sabaragamuwa Province in Sri Lanka. It runs from
6°35'30” to 6°22'20" northern latitude and from 80°38'25”
to 80°17'23” eastern longitude. It is in the Kalawana main
watershed drained by three major tributaries namely
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Fig. 1 Overall sanction of the study which includes major sub
watersheds of the Kukule Ganga main watershed. Three major
tributaries are situated within the Kalawana Administrative Division
of the Ratnapura District

Delgoda Ganga, Koswatta Ganga and the Wewa Ganga,
as shown in Fig. 1.

SINMAP Model Approach

The shallow landslide usually obeys the infinite slope failure
condition. The mathematical models developed by
Montgomery and Dietrich (1994), Dietrich et al. (1993) are
used to study shallow landslides. The model takes into
account the infinite plane slope stability coupled with a
steady state topographic hydrologic model.

The stability index (SI) is defined as the probability that a
location is stable and is calculated by considering the most
and least favourable situations (i.e. lower or upper bounds)
and the probability that a certain factor of safety may be
attained. The factor of safety calculation (FS) in SINMAP is
based on the infinite slope form of the Mohr-Coulomb fail-
ure law as expressed by the ratio of stabilizing forces (shear
strength) to destabilizing forces (shear stress) on a failure
plane parallel to the ground surface (Hammond et al. 1992),
shown in Eq. (1).

_ C, + Cs+ cos?aly,(D — D,,) + (v, — 7,,)D\] tan ¢

FS
sina cos aly,D]

(1)

The specific catchment area is defined by the ratio of the
area that drains into the grid cell to the contour length across
the grid cell. For steady saturated flow, lateral subsurface
flow may be expressed by the transmissivity (T) along the



Evaluation of Sensitivity of the WAA and SINMAP Models (Static) for Landslide. ..

169

slope (Pack et al. 1999) using Eq. (2).

Tsinab = K;D,,cosasinab (2)

where, T is assumed to be constant with depth, b is the flow
length, and K is saturated hydraulic conductivity. The
capacity for subsurface lateral flow is defined by the product
of recharge and contributing area im Eq. (3).

Ra=K;Dcosasinab (3)

where, D is the vertical thickness of soil. Combining the
above equations, an expression (Eq. 4) for the thickness of
the water table could be obtained.

R a

Dw = U= "
T bsina

(4)

where C = (Cr + Cs)/(h r s g) is the combined (root and
soil) cohesion made dimensionless relative to the perpendic-
ular soil thickness; h = D cos a soil thickness, perpendicu-
lar to the slope; C,—root cohesion [N/mz]; C,—soil
cohesion [N/mz]; D—the vertical soil depth [m]; o - slope
angle; r—wet soil density [Kg/m?®]; g—the gravitational
acceleration (9.81 m/sz); R—recharge rate (m/h); T—trans-
missivity (m2/h); a—specific catchment area (mz); r,—the
density of the water [Kg/m3]; ¢—the internal friction angle
of the soil [degree]

Model uses the following assumptions:

» Shallow lateral subsurface flow follows topographic
gradients.

» Lateral discharge at each point is in equilibrium with
steady state recharge R [m/h].

» The capacity for lateral flux at each point is T*h, where T
is the soil transmissivity [mz/h], i.e. hydraulic conductiv-
ity [m/h] times soil thickness, h [m].

In Eq. (1), terrain stability model SINMAP can compute
all the variables from the topography, except for combined
cohesion (C), tan of effective angle of internal friction of soil
(tan(¢)) and wetness index (T/R). The digital elevation
model (DEM) and appropriate soil parameters were the
fundamental input parameters for the model. For the purpose
of detailed calibration of the model, Kalawana Division was
initially divided into 10 sub watersheds using the hydrology
extension of the ArcView 3.2. The analysis was further
extended by sub-dividing to more sub watersheds in old
landslide proven areas. The evaluation of the T/R ratio and
the combined cohesion (i.e. soil cohesion and the root cohe-
sion) was determined by considering the supportive landuse
pattern of the particular watershed. The uncertainty of these
parameters is incorporated through the use of uniform prob-
ability distributions with lower and upper bounds. The
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Fig. 2 Method 1: SINMAP model approach for the Landslide Suscep-
tibility Assessment

SINMAP model approach of evaluation of suceptibility
coefficient is shown in Fig. 2.

Weighted Average Analysis (Factor Overlay
Model) Approach

In the second method of approach, a number of factor maps
were used for the study. These were slope maps derived from
the DEM, bedrock geology map, landuse map derived from
the aerial photos, soil map derived from the average com-
bined cohesion concept (i.e. root cohesion and soil cohe-
sion), derived map of road buffer from slopes, rainfall map
and stream density map. Rainfall is a major triggering factor
in most slope instability problems on hill slopes. Therefore,
hydrological parameters (rainfall and stream density) were
considered to obtain a reasonably accurate weight for the
analysis. Three days cumulative rainfall distribution pattern
in a particular watershed and the total number of 1st order
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Deterministic Approach
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Fig. 3 Method 2: weighted average analysis (factor overlay approach)
model approach for the Landslide Susceptibility Assessment

streams in the watershed were considered. The evaluation of
weighted average was made through the Analytical Hierar-
chy Process (AHP). The model approach for the evaluation
of the suceptibility coefficient using WAA approach is
shown in Fig. 3.

After evaluation of the area with regard to seven factors,
at present, the values of seven factors classes X are
multiplied by derived individual weights for each factor
(wl....w7) and then are summed together. Then, the total
value (M1) for each pixel and the regional model will be
derived in Eq. (5).

M1 = wiX1 + w2X2 4+ w3X3 + wdX4 + w5X5
+ w6X6 + w7X7 (5)

Table 1 Cohesion parameters for the different landuses

Root cohesion
with soil
moisture (kPa)

Landuse pattern as at 2003  Soil cohesion (kPa)

Dense forest 15.5 12
Forest 12 10
Homestead and Barren 2 2
Paddy 2 0
Plantations 6.5 4
Scrub and Grass 5 4
Water Features 0

Table 2 Laboratory measured value of K (saturated hydraulic conduc-
tivity) for various residual soils

Type of residual Saturated hydraulic

formations Category  conductivity, K (10° m/year)
Clay Type 5 <0.0001

Silt, clayey Type 3 0.1-0.4

Silt, slightly sandy clay = Type 2 0.5

Silt, moderately sandy Type 2 0.8-0.9

Silt, very sandy Type 4 1.0-1.3

Sandy silt Type 1 1.3

Silty sand Type 1 1.4

By replacing the combined weights (w1.....w7) that had
been derived previously, the final model was formulated

(Eq. 6).

M = wiX1 + w2X2 + w3X3 + waX4 + w5X5
+ W6X6 + WTX7 (6)

Where: M = Susceptibility coefficient.

X1...X7 = in order, are related to slope, soil, geology,
landuse, hydrology 1(rainfall), hydrology 2(Ist order
streams) and road buffer and, wl.... w7 = are the weights
related to each X1.... X7 factors. M varies from O to 1;
thereafter five number of susceptibility classes were
assigned, considering higher values for higher susceptibility
of landslides (Dias et al. 2005).

Parameters for Analysis

The relavent parameters for the evaluation of Table 4
derived from various combinations of anaysis are shown in
Tables 1, 2 and 3 below.

The specific gravity of the soils average from 2.6 to 2.9.
Laboratory test for shear strength showed an average effec-
tive cohesion (C'), of 6.5 kPa to 15.5 kPa with effective
angle of internal friction (¢') from 26° to 35°. At the shear
boundary, the effective cohesion (C') and effective angle of
internal friction (¢") were 0 kPa and 22°, respectively.
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Table 3 Recommended effective shear strength parameters for the
evaluation of landslide Susceptibility using SINMAP

Moist unit  Saturated Cohesion  Angle of
weight unit weight  intercept  internal
Soil type (kN/m>) (kN/m>) (kPa) friction (°)
Type 1 SM 16.5 18.5 5.0 34.0
Type 2 SM 18.5 20.0 6.5 26.0
Type 3 SM 18.5 20.0 0.0 21.0
Type 4 SM 16.5 18.5 15.5 29.2
Type 5 SM/ 18.5 20.0 6.5 26.0
CL

Results and Discussion

The analysis defines the areas that intuitively appear to be
susceptible to landslides. It was noted that few landslides
occurred on slopes that would not normally be recognized
as susceptible to landslides. This indicates that methodo-
logy mis-classified several of these sites as being landslide-
prone due to the site-specific conditions and inaccurate
input parameters. The wetness index was identified to
cause inaccuracy during preliminary modelling of the
area, therefore, re-calibration was done by further sub-
dividing the landslide proven watershed areas of the main
Kalawana watershed.

Results from the factor of safety calculations are
expressed by a stability index based on values of FS ranging
from 0 to >1.5. The stability index (SI) is defined as the
probability that a location is stable assuming uniform distri-
bution of the soil parameters over their range of values. The
classification is divided into six classes. Classes 1-3 are for
regions that should not fail according to the model with the
most conservative parameters in the specified range. These
areas have SI >1.5 and FS >1.0. For classes 4-5, the
calculated FS is <1.0, yet the probability of failure is less
than and greater than 50 %, respectively. These two classes
define a lower and upper limit for ground failure and have SI
values 1.0-1.5 and 0-1.0, respectively. Class 6 is uncondi-
tionally unstable meaning that the probability of failure

within the specified range of parameters is greatest (assumed
>90 % probability). In this case, FS is <1.0 and SI = 0.

In WAA, the state—of-nature attribute maps are well
defined under the weighted average technique which
explores sensitivity of the geomorphological input para-
meters such as road buffer, rainfall zones, stream order and
overburden geology for the overall assessment. From the
resulting weights in Table 4, the most important influential
types of factor maps related to the landslide were recog-
nized. Based on the weights assignment, landslide suscepti-
bility was categoried between no-susceptibility to very-high
susceptibility. The final weights of the resulting map ranged
from 0.036 to 0.585 or 1. The hazard map was grouped into
five simplified categorieas shown in below based on the
histogram of the final weighted values.

0 <M < 0.146
0.146 < M < 0.256
0.256 < M < 0.365
0.365 < M < 0475
0475 <M < 1

No susceptibility

Low susceptibility
Moderately susceptibility
High susceptibility

Very high susceptibility

1 S R S

The final output is shown in Table 4 before and after
recalibration. The overall map output and evaluation of
sensitivity is shown in Fig. 4.

Conclusion and Recommendations

The above findings indicate the variability of the concep-
tual models and their relative importance with the input
databases. The detailed and comprehensive geographical
information databases are required to obtain the statistical
interpretation and calibration of the model. Similarly, soil
saturation conditions and the validity of wetness indices
within a watershed is another avenue to calibrate the
analytical model with the inputs of other soil parameters.

Space technology using satellite and aerial remote
sensing plays a very important role in terrain mapping
and the scientific assessment of the ground conditions.
This technology is ideally suitable for inaccessible moun-
tainous regions where the majority of old landslides were

Table 4 Opverall results of the landslide susceptibility analysis of Kalawana division

RESULTS

WAA—use of weighted average analysis method of assessment model
SINMAP- use of terrain stability model of stability index mapping
(SINMAP)

No susceptibility

Low susceptibility
Moderately susceptibility
High susceptibility

Very high susceptibility

% Area fall in the equivalent stability class according to the
susceptibility criteria
Sub-watershed
number 05 of main

Overall results of
the Kalawana

Sub-watershed
number 08 of main

watershed watershed main watershed
WAA SINMAP WAA SINMAP WAA SINMAP
46.45 456 22.07 40.1 38.67 5249
8.09 6.4 25.53 7.4 18.99 8.90
2629 104 2544 112 22.80 12.11
15.78  35.0 21.04 354 16.30 24.11
3.39 2.8 5.91 5.0 3.24 2.19
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Stability Index Map for SINMAP Model of Kalawana Division, Sri Lanka

| Assessment considering % of area

Region5 Region8 Kalawana No. of Landslides
Stability Index | only only Reqion
Stable | 4560 401 | 5249 6
Moderataly Stable | 640 74 | B8O 0
Guasi-stable 10.40 1.2 121 7
Lower Threshokd | 3500 354 | 24M1 20
Upper Threshold 280 5 218 5
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Weighted Average Region 5 Region8 Kalawana No. of Landslides
Analysis only only Reqion

No Susceptibiity 46.45 2207 36.67 4

Low Susceptibility 809 | 2553 18.59 2
Moderately Susceptibiity 26.29 25.44 22.80 2

High Susceptibility 1578 | 21.04 16.30 6

Very High Susceptibiity 339 591 3124 15

Fig. 4 Overall evaluation of results of the landslide susceptability analysis of the Kalawana Division, Ratnapura District, Sri Lanka

identified. One of the critical observations of the study is
the lack of a complete data base of recent occurrences of
old landslides on May 2003. Only 39 landslides were
used out of 78 case records at Kalawana to calibrate
models due to inaccessibility at field. Therefore, multi-
temporal satellite data may be the only solution to over-
come such problems and acquire more geographical
information. In landslide study high spatial resolution
satellite photo images are recommended.

The satellite imagery data allowed generation of high-
resolution Digital Elevation Models (DEM). The derived
relief parameters can be analyzed in GIS together with
other information obtained from remote sensing data,
thematic maps and field observations for a spatially
differentiated terrain as a basis for further assessment of
landslide hazard.
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The Method for In-situ Large Scale Shear Test
of Saturated Soils and Its Application

Maosheng Zhang, Wei Hu, Lifeng Zhu, Ying Pei, and Junbo Bi

Abstract

Due to inherent uncertainties associated with laboratory testing, such as sampling distur-
bance and size effect, and the limitation that conventional in-situ large scale shear tests are
generally carried out for soil masses of natural water content, soil mass strength parameters
determined by back analysis instead of testing are, mostly, used for geotechnical stability
analyses and engineering designs. In this study, based on conventional in-situ large scale
shear test apparatus, two modes of apparatus, the vertical soaking mode and the lateral
soaking mode, were developed to accommodate testing techniques for saturated soil. With
the apparatus, seven in-situ large scale shear tests were carried out on saturated loess
masses in Heifangtai, Gansu province. The results show that the loess masses could be
saturated by both modes. Compared with the lateral soaking technique, vertical soaking
often causes more sample disturbance, even failure, although it takes less time to saturate.
Compared with parameters from in-situ large scale shear tests of the loess masses with
natural water content, cohesion from in-situ large scale shear tests of the saturated loess
masses decreased sharply from 44.65 to 17.35 kPa, while internal friction angle decreased
marginally from 14.18° to 11.95°. Compared with parameters obtained through
consolidated quick direct shear tests on the saturated loess, the increments of cohesion
and the internal friction angle from in-situ large scale shear tests of the saturated loess
masses were about 4 kPa and 3° respectively. To improve the method, it is necessary to
carry out comparative tests in order to improve the uniformity of water distribution and
degree of saturation, as well as select more pervious materials.

Keywords
Saturated loess » In-situ large scale shear tests « Cohesion « Internal friction angle

Introduction

Equation of shear envelope to evaluate the shear strength of
soils with cohesion and internal friction angle was developed
by C. A. Coulomb in 1776, laying the theoretical foundation
for classical soil mechanics. Since the establishment of soil
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Zhang et al. 2006; Cao et al. 2010). Besides, some indirect
methods have also been developed.

Laboratory tests are the most common techniques to
obtain shear strength parameters. Boundary conditions of
laboratory testing can be controlled easily. Moreover, vari-
ous laboratory tests are available including direct shear,
triaxial shear, ring shear and torsional shear. However, labo-
ratory tests also have obvious shortcomings: firstly, after a
series of procedures of exploration, site sampling, wrapping,
transportation, safekeeping, laboratory sampling and testing,
the structures of laboratory samples are often disturbed or
even damaged; secondly, because laboratory samples are
often small in dimensions, the representativeness of test
results is greatly reduced; thirdly, soil masses are composed
of both soil particles and structural planes which cannot be
included by laboratory samples. Hence, shear strength
parameters obtained from laboratory tests are rarely used
directly in stability analysis and design of geotechnical
structures.

Vane shear tests, borehole shear tests and in-situ large
scale shear tests are the main in-situ methods to directly test
shear strength of soil masses, among which in-situ large
scale shear tests are more widely used for their applicability
to almost all types of rock and soil masses (Vallejo and
Roger 2000; Li et al. 2005, 2007; Zhang et al. 2006; Cao
et al. 2010; Xu et al. 2006; Huang et al. 2008; You and Tang.
2002). Compared with laboratory tests, in-situ tests are
advantageous in terms of larger sample dimensions, less
disturbance and better representativeness. However, at pres-
ent, in-situ large scale shear tests of soil masses are generally
carried out in soil masses of natural water content, while
tests in saturated soil masses are seldom recorded.

For water sensitive loess, the shear strength reduces rap-
idly after saturation which is one of the main causes of loess
slope and foundation failure. Hence, it is both theoretically
significant and practically valuable to develop in-situ large
scale shear test methods and obtain corresponding
parameters of saturated loess masses in the failure analysis
of loess slopes and foundations. In this study, two modes of
soaking and saturating apparatus, the vertical soaking mode
and the lateral soaking mode, were developed. With the
apparatus, seven in-situ large scale shear tests of saturated
loess masses were carried out in Heifangtai, Gansu province.
By analyzing the degree of saturation and the structural
disturbance of samples, as well as comparing the parameters
with those obtained from in-situ large scale shear tests of
loess masses with natural water content and consolidated
quick direct shear tests of saturated loess, the in-situ large
scale test method and shear strength parameters of saturated
soil masses is discussed. Also some improving measures of
the test method are proposed.

Fig. 1 Conventional in-situ large scale shear test apparatus

Design of Soaking and Saturating Test
Apparatus

Compared with conventional tests of soil masses with natu-
ral water content, the principle of in-situ large scale shear
tests of saturated soil masses is the same, with the only
difference on testing procedures, which is to make saturated
soil mass samples by tailor-made devices before starting to
consolidate and shear. The in-situ large scale shear test
apparatus for saturated soil masses is based on conventional
WBIL in-situ large scale shear apparatus, as shown in Fig. 1.
The main components and their parameters are as follows: a
square-shaped shear box with an area of 2,500 cm2, a
hydraulic jack providing shearing forces with the peak load-
ing capacity of 500 kN, a strain gauge pressure sensor with
the top range of 500 kN, several dial-typed displacement
gauges with the range between 0 and 50 mm and a ground
anchor beam-typed reaction frame. Data is recorded and
computed automatically.

There are two key issues in deciding whether an in-situ
large scale shear test of saturated soil masses is successful:
firstly, how to make the sample saturated and in the mean-
time ensure the undisturbed state of the sample; secondly,
how to measure degree of saturation to ensure that the sample
is saturated. To live up to two constraint conditions of rea-
sonable degree of saturation and limited sample disturbance,
two modes of apparatus, the vertical soaking mode and the
lateral soaking mode, were designed, as shown in Fig. 2.

The vertical soaking mode includes the use of a soaking
ring, 80 cm in diameter and 50 cm in height. The bottom rim
of the ring is sharp-edged to help with soil penetration. Once
penetrated and in position, the ring serves as a water tight
barrier around a cylindrical soil sample 20 mm less in
diameter than that of the ring. Water is then injected into
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Fig. 2 Schematics of the two soaking modes. (a) Vertical soaking mode, and (b) lateral soaking mode
Table 1 Physical properties of the loess with natural water content
Specific Density Void Plasticity Liquidity
gravity Water content (%) (g - cm ™) ratio Liquid limit (%) Plastic limit (%) index index
2.70 9.1 1.51 0.930 25.04 17.20 7.84 —1.13

the ring until the cylindrical soil is covered and saturated.
After that, a standard sample is cut into shape before consol-
idation and shearing.

The lateral soaking technique is to make a standard sam-
ple first, which is 10 mm smaller inside length than that of
the shear box. The shear box is gently adjusted to the centre
of the standard sample. After that, the gap between the shear
box and the sample is densely filled with sieved medium-fine
sands, which in turn forms a permeable barrier. Lastly, the
soaking ring is installed outside the shear box and water is
injected until saturation.

Test Scheme and Key Technical Points

This study focused on the loess from Heifangtai, Gansu
province in northwestern China. The basic physical
properties of the loess are summarized in Table 1. With the
two sets of soaking test apparatus mentioned above, seven
loess samples were soaked for a long period until saturation.
And then the rest of the apparatus was implemented and
shearing started. After shearing, several verification tests
were followed: firstly, several water content tests were
done at different parts of the saturated samples to test the
degree of saturation; secondly, to compare shear strength
parameters of loess masses under saturated state with those
under natural water content, in-situ large scale shear tests of
three loess samples with natural water content were carried
out in the vicinity; thirdly, undisturbed loess samples were
taken to the laboratory to carry out consolidated quick direct
shear tests. The aim is to compare laboratory shear strength
parameters of saturated loess with the in-situ test results.
The detailed operation of in-situ large scale shear test
follows the guidance of Specification for in-situ direct

shear test (Kunming Prospecting Design Institute of China

Nonferrous Metals Industry 2001). The loading conditions,

including loading magnitude of each level, loading speed,

stable standard, shearing speed, have to be controlled very
rigorously.

1. Control of the vertical loading conditions: To not only
avoid sudden failure of the samples, but also compare the
deformation process of both natural and saturated loess,
the vertical loading magnitudes of each level for both
water content states were kept as 5 kN. The vertical
loading increment would not be applied until the chang-
ing rate of the vertical displacement meter reached
0.05 mm/min or less and stayed stable. For the last level of
vertical loading, the changing rate would reach 0.05 mm/
h or less. Then the vertical deformation would be consid-
ered to be stable and shearing could start.

2. Control of the shearing loading conditions: To simulate
consolidated undrained conditions, the vertical pressure
was kept constant as designed while the lateral pressure
was applied quickly step by step. Based on predicted
shearing strength, shearing load for each loading level
was set to be 1 or 2 kN. In the process of loading, the
readings of lateral pressure meters kept increasing. When
the readings stopped increasing or even decreased dra-
matically, the samples were deemed to be failed. Because
most of the loess landslides in Heifangtai belong to high-
speed long run-out landslides, the shearing durations
were kept to be around 10 min.

For in-situ large scale shear test of saturated loess, three
sampling techniques should be stated herein.

1. Precise sample preparation
For vertical soaking mode, cylindrical samples 20 mm
less in diameter than that of the soaking ring were cut in
the loess. The ring was installed around the cylinder.
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Water was not injected until the position of the ring was
adjusted to make the cylinder centered, as well as the gap
between the sample and the ring was filled with sieved
medium-fine sands. After finishing saturation, the ring
was removed. The cylinder was further modified into a
standard square-shaped sample with a side length of
49 cm and a height of 27 cm. The shear box was then
installed around the standard sample and gently adjusted
to the centre of the sample.

For lateral soaking mode, a standard square-shaped
sample with a side length of 49 cm and a height of
27 cm was made in the first step before installation
of the shear box and filling of the gap with sieved
medium-fine sands. Afterwards, the soaking ring was
installed around the shear box and water was injected
until saturation occurred.

2. Medium-fine sand filling
Whichever the mode, it was essential to fill the gap
between the shear box and the sample with medium-fine
sands. Before filling, the sands were sieved to remove
large grains to ensure sand uniformity. The 5 mm wide
gap with medium-fine sands was then laid at five levels.
At each level, a long steel knife was used to vibrate and
density the sands before the next level was laid.
3. Soaking mode

According to design for the vertical soaking mode, most
water goes into the sample via the upper surface while
only a very small amount of water takes the channel
between the sample and the soaking ring. For the lateral
soaking mode, water goes into the sample only via the
side surfaces. To do so, certain test settings should be
fulfilled. For the vertical soaking mode, as shown in
Fig. 2, two prevention layers, the bottom layer of
medium-fine sands with a depth of 3-5 cm and the top
layer of non-woven geo-textile, were laid on top of the
sample to prevent potential erosion by injection of water.
Water was injected until the geo-textile was 5 cm beneath
the water surface. For the lateral soaking mode, as shown
in Fig. 2, water level was kept between the top of the
shear box and the top of the sample, with the optimal
level being higher than the top of the shear box around
1 cm. In this way, water could infiltrate into the samples
only via the medium-fine sands until saturation.

Analysis and Discussion of Test Results
Saturating Effect
Two factors, the stable infiltration velocity and water content

after soaking, were used to decide whether the samples were
saturated. The soaking effects with two soaking modes for

Table 2 Comparison of the two soaking mode effects

Soaking and Soaking Water Degree of
saturating duration content saturation

Sample  mode (day) (%) (%)

1 The lateral 3 24.0 69.7
soaking mode

2 The lateral 6 32.1 93.2
soaking mode

3 The vertical 6 33.2 96.4
soaking mode

4 The vertical 6 329 95.5
soaking mode

5 The vertical 6 33.1 96.1
soaking mode

6 The vertical 5 32.5 94.4
soaking mode

7 The vertical 7 329 95.5

soaking mode

seven in-situ samples were listed in Table 2. Sample 1 was
prepared by the lateral soaking mode. It reached a degree of
saturation of 69.7 % after 3 days of continuous soaking. This
level was far from a satisfactory degree of saturation. Con-
sequently the soaking duration was prolonged to 6 days for
sample 2, resulting in an obvious increment of the degree of
saturation to 93.2 % which is close to the laboratory standard
of 95 %. For comparison, three vertical soaking mode
samples, samples 3, 4 and 5, were soaked for 6 days. In the
end they reached a degree of saturation of 96.4, 95.5 and
96.1 % respectively, all of which are higher than 95 % and
that of sample 2. Moreover, sample 6 and 7 were soaked
for 5 days and 7 days, respectively. The results show that the
degree of saturation for sample 6 is 94.4 %, a little lower
than those saturated for 6 days. For sample 7 the degree
of saturation is 95.5 %, basically equal to those saturated
for 6 days.

The analyses of saturating effect show that the loess can
be saturated by both soaking modes as long as samples
undergo enough saturation time. Since loess presents higher
permeability in the vertical direction than in the lateral
direction (Li et al. 2007), it is understandable that the verti-
cal soaking mode samples have higher degree of saturation
than their lateral soaking counterparts within the same
soaking duration considering the water flow direction in
two soaking modes. In-situ samples which are soaked longer
than 5 days by the vertical soaking mode can satisfy the
requirements on the degree of saturation for laboratory tests,
hence shearing parameters obtained by in-situ large scale
shear tests of saturated loess can be compared with those
obtained in the laboratory.
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Fig. 3 Shear stress and shearing displacement relationships for in-situ
large scale shear tests for saturated loess

Sample Disturbance

The degree of linearity of the strength envelope, together
with the rationality of shear strength parameters, can be
taken as effective back analysis means for evaluating the
degree of sample disturbance. As is known, shear strength
of loess is greatly influenced by water content. So the
stress—strain relationships (Fig. 3) for sample No.3, 4 and 5
with the same soaking time and the closest water contents
were chosen to plot the shear envelope (Fig. 4). Based on the
linear regression equation, cohesion and internal friction
angle were found to be 17.35 kPa and 11.95°, respectively.
The coefficient of correlation is 0.9913 suggesting the effec-
tiveness of the chosen regression method. From this view-
point, the impact of soaking mode on sample disturbance is
not so obvious.

However, according to our experience, loess structure is
prone to collapse after soaking in water. Moreover, exces-
sive pore water pressure within the voids of saturated loess
will rise sharply when external load is applied suddenly, and
result into liquefaction. This understanding was verified on
site. When a piece of the saturated loess is put on one’s palm
and shaken, it easily converts into fluid mud. In the process
of making vertical soaking mode samples, several disturbing
actions such as removal of the soaking ring and further
cutting of samples exist after soaking and saturating. No
matter how cautious we are, it was unavoidable to cause
sample edge disturbance whose typical indications are either
lose of soil or the slumping of a small piece of soil in the
edge, making it very inefficient to make vertical soaking
mode samples. Relatively speaking, lateral soaking mode
can avoid disturbance of saturated loess samples, so tests
with lateral soaking mode can better reveal the true strength
of the saturated loess as long as the samples reach enough
degree of saturation.

—— In-situ large scale of saturated loess

100 7 —=— In-situ large scale of natural loess
—— Laboratory consodilated quick direct shear
K 80 1
= ©=9.1%, c=44.65kPa, ¢=14.18°
S 601
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=
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Fig. 4 Shear strength envelope of saturated loess based on vertical
soaking mode in-situ large scale shear tests

Comparison of Shear Strength Parameters

The shear strength envelopes, based on in-situ test results of
samples No. 3, 4 and 5, are shown in Fig. 4. Then the shear
strength parameters for saturated loess were acquired from
the strength envelop. Also in Fig. 4, the results for three in-
situ large scale shear tests of natural loess, as well as repre-
sentative laboratory CU tests of saturated loess, are
presented. Compared with parameters from in-situ large
scale shear tests of the loess masses with natural water
content, cohesion from in-situ large scale shear tests of the
saturated loess masses decreased sharply from 44.65 to
17.35 kPa, while internal friction angle decreased gently
from 14.18° to 11.95°. This demonstrated both cohesion
and internal friction would decrease under soaking
conditions. Compared with the representative parameters
from consolidated quick direct shear tests of saturated
loess, the increase in cohesion and the internal friction
angle from in-situ large scale shear tests of the saturated
loess masses were about 4 kPa and 3°, respectively. This can
be attributed to the fact that the in-situ samples that remained
intact with the parent loess underwent fewer disturbances
than the laboratory samples.

Conclusions

Taking into account in-situ saturation conditions and
structural disturbance requirements, the vertical soaking
mode and the lateral soaking mode of samples were
designed. Together with conventional in-situ large scale
shear test apparatus, two sets of in-situ large scale shear
test apparatus for saturated soil masses were developed.
With the apparatus, seven in-situ large scale shear tests
were carried out on the saturated loess in Heifangtai,
Gansu province. Three in-situ large scale shear tests
done by vertical soaking mode, of which water contents
were close, were chosen to plot the shear envelope. The
following conclusions are made:



180

M. Zhang et al.

1. Compared with parameters from in-situ large scale
shear tests of the loess masses with natural water
content, cohesion from in-situ large scale shear tests of
the saturated loess samples decreased from 44.65 to
17.35 kPa, while internal friction angle decreased from
14.18° to 11.95°. Compared with parameters from
consolidated quick direct shear tests of the saturated
loess, the increase in cohesion and the internal friction
angle from in-situ large scale shear tests of the saturated
loess masses were about 4 kPa and 3°, respectively.
Therefore in-situ large scale shear tests of saturated
loess masses could obtain more reasonable shear strength
parameters for saturated loess masses, which is very
valuable for stability analyses of water-sensitive loess
slopes and foundations. Hence, it is necessary to carry
out in-situ large scale shear tests of saturated loess
masses.

2. Samples could be saturated by both vertical soaking
mode and lateral soaking mode, demonstrating that it is
workable to carry out in-situ large scale shear tests of
saturated soils. However, with vertical soaking apparatus,
samples were often disturbed leading to inefficient test-
ing. On the contrary, shearing tests with lateral soaking
apparatus could obtain better results for shear strength
parameters of saturated soil masses.

3. To improve current testing method of in-situ shear
strength of saturated soil masses, further detailed studies
were deemed to be necessary. The necessary studies
include work on the uniformity of water distribution in
samples, rate and degree of saturation, evaluation of
structural disturbance of samples and determination of
most suitable permeable material.
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Microstructural Characteristics of Qinyu Landslide
Slip Soil, NW China

Xuemei Jia, Shouyun Liang, and Chenyi Fan

Abstract

Slip zones are closely related to landslides. The microstructural analysis of slip soil has
become one of the important contents on landslide researches. Based on two slip zone
profiles of Qinyu landslide, the microstructural characteristics of slip soil and its geological
implications were studied by the means of scanning electron microscope (SEM). The
results showed that: (1) the microstructures of slip soil are mainly characterized by
flocculated-clotted texture, fine and meso-pores; (2) on the slip zone profile in front of
the main landslide, the closer to the centre of the slip zone, the greater amount of pores, the
narrower and longer shape of pores, as well as the smaller apparent porosity and probability
entropy of pores become. Obviously, the amount of pores is negatively related to apparent
porosity, while probabilistic entropy is positively related to the shape factor; (3) on the slip
zone profile in the upstream side of the secondary landslide, the amount and apparent
porosity of pores are smaller as a whole. In addition, higher orientation, especially, near the
upper slip surface in the profile has revealed the microscopic mechanism that Qinyu
landslide is relative stable on the whole, while the secondary landslide was in a constant
active state.

Keywords
Slip soil « SEM « Microstructures » Geological significance

Introduction

As a historical product of landslide development and evolu-
tion, a slip zone not only records a wealth of geological
information, but also, to a great extent, controls the stability
of landslide. Therefore, research of slip zone is an important
content in stability prediction and prevention of landslide.
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On macroscopic scales, slip zones often have brilliant
colours as distinguished from sliding mass and bedrock
(Wen et al. 2004; Shuzui 2001), making field identification
easy. On microscopic scales, slip soil which formed under
certain conditions has certain physical-mechanical
properties (Shi et al. 1995). Through study on the
microstructures of sheared soil, Skempton (1964) suggested
that oriented arrangement of particles was the basic reason
for slip soil producing residual strength. The minerals of
landslide slip soil in the Three Gorges reservoir showed the
microstructural characteristics of oriented arrangement and
of being elongated, which were the main causes of the
friction coefficient and shearing resistance reduction. Rich
micro-pores and micro-fissures result in an increase of the
porosity of slip zones. Once destroyed by shearing, it would
cause high pore water pressure, and thereby become the
important formation mechanism of high-speed landslides

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 181
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(Wen et al. 2007). Wen and Aydin (2005) studied the
microstructures of slip soil by OPM and BEM, and then
found that the porosity, flat clay particle content and particle
arrangement were the three key indicators to control
mechanical property of slip soil. Using SEM and XRD,
Yan et al. (2001, 2002) studied the microstructures and
material components of slip soil, and associated them with
the active frequency, phases, and the formation mechanism
of landslide. The stage of landslide stability and instability
could also be judged by scratches and fluidal structures on
slip surfaces. Given the fact that slip soil formed on different
periods and conditions has different microstructural
characteristics, therefore, the research of slip soil
microstructures is an effective way for better understanding
of the mechanisms of landslide formation and evolution
(Zhang et al. 2008; Li et al. 2010).

Taking two typical slip zone profiles of Qinyu landslide
as the research objects, we systematically took samples and
attempted to study the microstructural characteristics of slip
soil by SEM. Moreover, the study is intended to reveal the
evolution information about the landslide development and
evolution.

Samples and Methods
Study Area

Qinyu landslide is located at the south bank of Mingjiang River
in Tangchang Country, Gansu Province of China (Fig. 1). The
National Highway No. 212 (K376 + 475~377 + 617) goes
through the landslide mass. The main outcrop stratums are
Middle Devonian, Lower Permian, Triassic series and Quater-
nary covering layer. The landslide is a multilevel and multi-
phase talus slide controlled and affected by fault, and in
essence it is a large-scale landslide group. The secondary
landslide in the upstream side sustains an active state all the
time, which has severely restricted the normal operation of the
National Highway No. 212 (Chen et al. 2006).

On the slip zone profile Q1 is in leading edge of the main
landslide (N33° 47" 03", E104° 32’ 17") and Q2 is in a gulley
close to the highway at secondary landslide along lateral
margin in the upstream (N33° 47" 04”, E104° 32" 00")
(Fig. 2, Table 1). We took samples in each layer from the
bottom up and then coded sequentially. The thickness of the
well-exposed slip zone in profile Q1 is 90 cm and in profile
Q2 riches more than 180 cm, but its lower slip surface
doesn’t crop out. Each sample represents a certain sampling
site on the slip zone profile, namely, sample Q1-1 in the
sliding bed, samples Q1-2 ~ Q1-8 and Q2-1 ~ Q2-5 in the
main slip zone, and sample Q1-9 and Q2-6 in the sliding
mass, respectively. In addition, sample Q2-7 represents the
slip zone involved into sliding mass.
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Fig. 1 The satellite image of Qinyu landslide

Methods

All samples of slip soil were observed under low-vacuum
scanning electron microscopy JSM-5600Lv with a resolution
of 3.5 nm. Apart from direct morphology observation, a
computer image-processing system was used to obtain much
information about microstructures which can’t be observed
with the naked eye, including the number of pores (N), appar-
ent porosity (n), the shape factor (F), the distribution of pore
radius and probability entropy (Hm) (Shi et al. 1995). These
quantitative parameters could properly combine the complex
structural morphology with engineering properties of soil. To
extract and calculate these parameters, a kind of image
processing software, Image J was chosen. The processing
steps included contrast, brightness adjustment, noise removal,
median, filtering and binarization (Fig. 3). In this paper, the
optimum threshold was determined by the method of mini-
mum cumulative difference (Fan and Liang 2012).

As the fact that the force condition of slip soil is different
in the direction perpendicular and parallel to slip surfaces
during the forming process, so does the microstructures, then
all samples were prepared in two directions except for sam-
ple Q1-9 for its loose structure. And then all samples were
observed by SEM, and the magnification of images we took
ranged from 35x to 5,000x. After comparison, we thought
that 800x SEM images could clearly reflect the
characteristics of particle morphology and porosity, and
may be used as the ideal magnification for sample
microstructural parameter extraction. In order to increase
the measuring accuracy, three 800x SEM images were
selected and then the average in each sample was taken.
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Fig. 2 The photos of sampling
locations of Qinyu landslide slip
soil. (a) Profile Q1; (b) Profile Q2

Table 1 Basic feature of samples

Location Location
No. (cm) Characteristics No. (cm) Characteristics
Q19 80-90 Yellow angular pebbles soil containing limestone Ql-1  0-10 Yellow gravelly soil
Q1-8  80-90 Q2-7 170-180  Black clay mixed into slip body
Q1-7  60-70 Black breccia-clay Q2-6  140-150  Yellow gravelly soil close to the

upper sliding surface
Ql-6  50-60 Yellow and red breccia silty clay interbedded with grey clay = Q2-5  130-140  Black breccia-clay (main slip zone)

Q1-5 40-50 Q2-4 100-110
Q14 3040 Black breccia-clay Q2-3  80-90
QI1-3  20-30 Grey and black breccia-clay Q2-2  50-60
Q12 1020 Black breccia-clay close to the lower sliding surface Q2-1 20-30

Fig. 3 SEM images of slip soil
(a) The origin SEM image;

(b) the binary SEM image. The
white represent particles, while
the black represent pores
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Results

The Characteristics of Microscopic Structure
Morphology

In this paper, H and V represent the horizontal and vertical
directions (that is parallel and perpendicular) to slip surfaces
respectively. The sample in sliding bed shows pore undevel-
oped and better cementation in directions H than V. The
microscopic structures of slip soil have been collapsed obvi-
ously, presenting flocculated structure. For profile Q1, curly
and schistic clay minerals widely exist on the surface of slip
soil, which makes grain boundary blurry. Additional micro-
pores are in large quantities. Roughly speaking, the orienta-
tion of pores is better in direction V than H, presenting fluid
state. Sample Q1-9 in sliding mass shows macro-porous
stents and semi-cementation structure characterized by
loose deposition of framework grains, developed macro-
pores and good connectivity, and additional calcium deposi-
tion on particle surface.

The slip soil of profile Q2 is also a flocculated structure.
But it has suffered more intense shear deformation as well as
compressed and crumpled. Overall there’s no obvious dif-
ference in the two directions. Within the main slip zone,
reticulate structure with poor orientation is observed. Up to
the upper slip surface, micro-fractures increase and orient in
directions nearly parallel to the surface. The microstructures
of sample Q2-6 in the sliding mass is similar to slip soil, and
secondary leached pores can be seen within it.

The Characteristics of Pores
Amount and Apparent Porosity

For profile Q1, apart from sample Q1-1 and Q1-5, amount of
pores in direction H was greater than in direction V (Fig. 4a),
From the bottom up, the amount of pores firstly increases
and then decreases, and the maximal value appeared in the
middle of slip zone (Q1-6). On the whole, apparent porosity
was more in direction V than in direction H and increased
gradually from the middle of slip zone to both sides
(Fig. 4b). In direction V, the minimum value appeared at
the centre of slip zone (Q1-5). While in direction H, the
maximum value appeared at the side of sample Q1-5. Sam-
ple Q1-9 in sliding mass with value of 39 % obtained the
maximum of apparent porosity in two directions.

For profile Q2, apart from sample Q2-3 and Q2-4, the
amount of pores in direction V was greater than in direction
H as a whole (Fig. 4c). Compared with the slip zone, the
amount of pores in the sliding mass (Q2-6) was much greater

(Fig. 4d). In brief, overall apparent porosity, as well as
amount of pores was much smaller than that of samples in
profile Q1.

Pore-size Distributions

As mentioned earlier, the number of pores is the maximum
at the centre of slip zone, where apparent porosity reaches
the minimum. To reveal the underlying mechanism, we
analysed the characteristics of pore-size distribution of slip
soil and found that micro-spores account for about
70 ~ 80 % of all pore types, while the area rate is very
low, about 10 ~ 20 %. According to the dividing criterion
of pore types (Lei 1987), the slip soil of Qinyu landslide is
mainly predominated by fine and meso-pores. Meanwhile, it
illustrates the concept that microstructural changes of slip
soil are mainly of soil skeleton and particle breakage in the
course of shear deformation. Macro-pores decrease and
micro-pores increase owing to fine particles filling, as a
result, the total number of pores increase and the area rate
decrease. Therefore, there is a negative correlation between
the quantity and apparent porosity.

Pore types have effects on soil engineering quality. On
the one hand, though the quantity of macro-pores is very
low, while the proportion of area is much greater than micro-
pores and the influence on soil properties can’t be ignored.
On the other hand, the effects on soil properties created by
micro-pores are still limited, while the influences on pore
arrangement characteristics are notable. So when calculating
pore parameters of the shape factor and probability entropy
in this paper, micro-pores were eliminated.

The Shape Factor and Probability Entropy

The shape factor of pores of samples in profile Q1 shows
Fy > Fy (Fig. 5a), that shows the shape of pores in direction
H is rounder than V. Within the main slip zone, the shape
factor of pores is relatively small, and then increases in both
sides. The value of sample Q1-4 is the minimum in both
directions, i.e. 0.55 and 0.57 in H and V directions, respec-
tively. It is indicated that the shape of pores within the main
slip zone is more irregular than the slip surface and sliding
mass.

Similar to the shape factor, probability entropy shows
Hmy > Hmy (Fig. 5b), which means that the ordination of
pores in direction H is poorer than V. In direction H, proba-
bility entropy varies from 0.95 to 0.98, nearly 1, almost
round shape. However, probability entropy shows large var-
iation range in the V direction. Overall samples within the
main slip zone have a higher pore ordination than in the slip
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Fig. 4 Curves of pore numbers (a, ¢) and apparent porosity (b, d) of samples along the profile of Q1 and Q2 in the direction parallel (H) and

perpendicular to the sliding surface (V), respectively

surfaces, sliding mass and sliding bed, which reflects that a
remarkably positive correlation exists between probability
entropy and the shape factor.

For profile Q2, the shape factor of sample Q2-1 ~ Q2-4
within the main slip zone increases in direction H, and then
decreases slightly on sample Q2-5 and Q2-6 located near the
slip surfaces, to the values of 0.59—-0.60 (Fig. 5c). In direc-
tion V, the values of shape factor are very close to each
other, representing the serrated distribution, except for sam-
ple Q2-7H in the sliding mass with the maximum value of
0.69.

Apart from sample Q2-1, probability entropy values of
other samples have the same trend in both directions
(Fig. 5d). Pore directionality of samples within the main

slip zone is higher than sliding mass. Especially, probability
entropy of sample Q2-5 close to the upper slip surface shows
the highest orientation.

Compared to profile Q1, pores of samples in profile Q2
are characterized by smaller shape factor, more irregular and
higher orientation. As mentioned, the difference of
microstructural characteristics may reflect the landslide
activity and situation (Yan et al. 2001, 2002). Almost no
orientation and disorderly growth of samples on profile Q1
indicates that the slip zone reaches to a stable state. How-
ever, samples on profile Q2 with better pore orientation,
especially sample Q2-5 close to the upper slip surface,
prove that the slip zone has suffered great shear deformation
and been in an active state.
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. Microscopic pore characteristics

Conclusions

. The microstructure morphology features observed by

SEM show that the slip soil is mainly predominated by
flocculated structure, representing blurry particle bound-
ary, abundant of curly and schistic clay minerals and
developed microspores.

of slip soil are
dominated by fine and meso-pores. For profile Q1, the
closer to the centre of the slip zone, the greater the
amount of pores, the narrower and longer shape of
pores, as well as the smaller apparent porosity and proba-
bility entropy of pores become. Namely, amount of pores
is negatively correlated with apparent porosity, while the
shape factor of pores is positively correlated with proba-
bility entropy. For profile Q2, the regularity of pores of
samples is not as strong as that of profile Q1. Overall
amount of pores and apparent porosity are smaller than

profile Q1. But the orientation of pores becomes better,
especially in the upper slip surface.

. The microstructural parameters of pores have not obvious

differences in two directions. Relatively speaking, the
direction V is more sensitive to the shape factor and
probability entropy. So sample preparation should con-
sider to choose the direction V (perpendicular to the slip
surface) in assessing pore ordination.

. The differences of microstructural characteristics, to

some extent, reflect the shear deformation of slip zone
and landslide stability on different profiles. The disor-
dered structure of slip zone of profile Q1 indicates that
the main landslide is relatively stable. However,
according to high directive property, especially near the
upper slip surface of profile Q2, we can deduce that the
slip zone of profile Q2 is greatly influenced by constantly
active shear deformation, corresponding to the secondary
landslide in an active state.
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An In-situ Darcy Method for Measuring Soil
Permeability of Shallow Vadose Zone

Pingping Sun, Maosheng Zhang, Lifeng Zhu, Ying Pei, and Xiujuan Cheng

Abstract

This paper presents an in-situ Darcy test for measuring permeability of soil in shallow
vadose zone. The equipments of the test was designed based on the theory of classic Darcy
Test comprising water infiltration system, water supply system and measuring system.
During the experiment, the soil was submerged by water with constant head maintained by
a Marriott tube. Volume of water consumed and the corresponding water head in a time
series were recorded when the soil was saturated. Then soil permeability was obtained
using the Darcy’s law. Three groups of the in-situ Darcy tests were conducted at the loess
plateau in north western China, and average values of permeability were obtained to range
from 0.84 to 2.22 m/d. It is shown that the original structures of soil can be well considered
with the in-situ test compared to the classic in-door Darcy Test. Furthermore, the data
record was more intuitive and the operations are easier compared to the other in-situ tests to

measure the soil permeability.

Keywords

In-situ Darcy test « Permeability « Pressure head « Scale effect

Introduction

Water is one of the major triggering factors for landslide
occurrences. It behaves more obviously in loess-distributed
area for its intensive water sensitivity (Zhang et al. 2012).
Quantitative assessment of infiltration is an important issue
when analyzing loess slope stability. Soil permeability in
shallow vadose zone is a key parameter affecting infiltration.
Henry Darcy introduced permeability parameter in 1856. It
is an important parameter in hydrology for quantitative
calculations; it’s also a significant basis when analyzing
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various hydrological processes quantitatively (Bear 1972).
Then, series of classic calculating methods for aquifer per-
meability based on pumping (injection) test were developed
(Dupuit 1963; Thiem 1906; Theis 1935; Jacob 1940). There
are also several methods evaluating soil permeability in
vadose zone.

In the field, double and single ring infiltration test are
widely used (Gregory et al. 2005; Lai and Ren 2007; ASTM
2001; Bagarello et al. 2009). In these methods, the tested
results change with a variation in water head (Schiff 1953).
Stand-pipe methods are usually used to measure the infiltra-
tion rate of sediments in stream beds (Chen 2000). However,
only infiltration rates can be obtained with the above three
methods without accurately measuring the hydraulic gradi-
ent. Permeability is usually derived assuming the value of
hydraulic gradient of 1.0 (Sammis et al. 1982; Stephens and
Knowlton 1986; Healy and Mills 1991; Nimmo et al. 1994).
However, some errors can result with this assumption only
when the tested soil is below the zone of fluctuations related
to climate, in uniform or thickly layered porous media
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(Gardner 1964; Childs 1969; Chong et al. 1981; Sisson
1987); hence, it is not suitable for the soil in shallow vadose
zone. Permeability can also be obtained through measuring
air-entry pressure with air entry permeameter (Bouwer
1996). However, it is not widely used because air-entry
pressure is relatively hard to measure. In addition, several
indirect methods can be used to attain permeability, such as
empirical formula based on grain-size analysis (Uma et al.
1989; Vukovic and Soro 1992; Kasenow 2002; Song et al.
2009; Thomas and Peter 2011), numerical and analytical
calculations (Chen and Lee 1964; Wu et al. 1997; Li et al.
2009). Nevertheless, accuracy of results from empirical for-
mula is affected by uncertainties of parameters chosen. Cal-
culation process is complicated and multi solutions usually
occur when using numerical methods.

In laboratory, Darcy Test is a classic method for measur-
ing permeability. However, considerable uncertainties can
result from the process of sampling, packaging, transporta-
tion and sample preparation. Once the samples are disturbed,
it is hard or impossible to restore the natural state, especially
for the structural soil (Bagarello et al. 2009; Bouma 1982).
Moreover, results tested with small size samples are not
representative.

Field tests have advantages of well consideration of
structures of soil as well as spatial variation in permeability.
Darcy Test is a classic laboratory method wildly used with
reliable accuracy. If the classic Darcy Test can be improved
to conduct in field, accurate and direct measurement of soil
permeability in shallow vadose zone can be achieved. Based
on the above analysis, a set of equipments for in-situ Darcy
test was designed in accordance with the theory of Darcy
Test. Three designed in-situ Darcy tests were conducted at
the loess plateau in north western China. Permeability of
loess in the nearby area was also measured with double-ring
infiltration, indoor Darcy Test, grain-size analysis and
pumping test. The differences of permeability among vari-
ous methods were analyzed. The possible reasons for the
differences are discussed.

In-situ Darcy Test Description

Principle of in-situ Darcy test is totally based on the classic
Darcy Test. It is a transformation of Darcy Test from labo-
ratory to field. During the Darcy test, test conditions include
homogeneous samples, constant water head, and stable
physical property of fluid with negligible viscosity and lam-
inar flow. During the in-situ Darcy test, permeability can be
obtained only when its test conditions are in accordance with
the above mentioned conditions. In addition, two key factors
are of great importance regarding the in-situ test. They are
(1) saturated samples with air exhausted and (2) hydraulic
gradient measurement.

Marriott
tube

Air inlet
s

Datum

Gravel

Fig. 1 Schematic of the apparatus for in-situ Darcy test
Equipments Design

Equipments of the in-situ Darcy test were designed as shown
in Fig. 1. It contains three systems—infiltration system,
water supply system and measuring system.

A single ring is the main component of the infiltration
system. It is a steel column with a length of 100 cm, and a
diameter of 32 cm. Two vertically distributed circular holes
(diameter of 9 mm) were designed to install filter tubes
measuring water head, at a vertical distance of 10 cm.
Marriott tube act as water supply system used to supply
water, maintain constant water head over samples as well
as record water consumption volume. The volume of the
Marriott tube is 15 1, with 1 cm decrease indicating the
consumption of 151.975 m® of water. The measuring system
contains filter tubes, piezometers and reading plate. The
filter tube is made from plexiglass with length and diameter
of 20 and 8 mm, respectively. Seepage holes are distributed
at front 9 cm of the tube. The piezometers (Geonor M-600)
used to measure water head are produced by GEONOR
Company in Norway. The piezometer has a length of
20 cm and a diameter of 3 cm. The accuracy and resolution
of the piezometers are 10 cm and 5 mm, respectively. The
reading plate is used to record water head at different depth
of the tested samples. In addition, rubber tube, shovels,
wooden hammer, water containers, stopwatch, thermometer,
sample boxes, PH test strips, glass cement are supplemen-
tary instruments.

Test Procedure

The two piezometers (No. 16710 and 16810) needed to be
calibrated before the test. During calibration, both of the
piezometers were submerged in water until the porous stones
were saturated. Then data were recorded when the water
head above the porous stones were 30, 25, 20, 15 and
10 cm (Fig. 2).

Figure 2 shows that the piezometer recorded data is
negatively proportional to water head. The fitted curves for
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Fig. 2 Water pressure recorded with piezometers

the change in piezometer recorded data with water head fit
well for the calibrated points. The fitted formulae of the two
piezometers obtained from Fig. 2 are as follows:

y = —0.8776x + 1916.1 (1)

y = —0.9184x + 1932.7 (2)
Where, y and x denote the pizometer recorded data and

hydraulic head, respectively.

The test procedure comprises the following steps:

1. Sample preparation: the sample is prepared with mini-
mum disturbance before installation of the single ring.
The interior chamber wall of the single ring is covered
with silicone sealant for easy installation as well as good
connection between samples and the single ring. The
upper surface of the sample is covered with a layer of
sand (thickness of 3 cm) to avoid disturbance of the
sample surface during process of water filling.

2. Filter tubes and piezometer installation: tiny holes were
drilled before installation to reduce sample disturbance.
The connections between the tubes and the ring were
sealed avoiding water leakage. Rubber was used to con-
nect reading plate and filter tubes.

3. Water filling: Marriott tubes were used to fill the single
ring with water and maintain constant water head over the
tested samples.

4. Data recording: data were recorded for water consump-
tion per unit time and water head changes less after long-
term submersion of the sample.

5. Water content measurement: water contents of the
samples were measured after each in-situ test.

Application Examples

In this section, the in-situ Darcy Test, introduced above,
will be used to test loess permeability in shallow vadose
zone at Heifangtai, Yongjing county, Gansu province, North
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Fig. 3 Location of the study area

western China (Fig. 3). In the study area, large numbers of
loess landslides have been triggered for a long-term irriga-
tion since 1963. To mitigate landslides risk and meet water
demand for agriculture, it is necessary to quantitatively
assess infiltration of irrigation water, in which permeability
is a key parameter.

Three sets of in-situ Darcy Test (numbered C1, C2 and
C3) were conducted in an abandoned farmland in May,
2010. The three testing sites are close to each other,
separated by less than 2 m; and the tested loess samples are
windblown deposit (Q;°*") with intensive vertical fractures.
To exclude root effect on accuracy of permeability measure-
ment, the upper 50 cm layer of loess was excavated. The
tested samples in the in-situ Darcy Test are 32 cm diameter
cylinders with a height of 20 cm. As comparative tests,
double-ring and pumping tests were also conducted. During
the tests, ground temperature was around 10 °C, and the
water used was with a temperature of 12.4 °C and a PH
value of 7.0. After the in-situ tests, undisturbed loess
samples near the tested sites were collected to conduct the
Darcy Test and grain-size analysis in laboratory.

Data Analysis

In the in-situ tests, hydraulic gradient was calculated with
data recorded by filter tubes and piezometers, respectively,
and permeability was calculated according to Darcy’s law
(Table 1). The averaged values of loess permeability based
on data recorded by filter tubes and piezometers are 0.84 and
2.22 m/d, respectively. This difference can be attributed to
the difference in positions of installation for the filter tubes
and the piezometers. The filter tubes were installed in the
middle of the samples, whereas, the piezometers were
installed at the bottom as shown in Fig. 1.

Figure 4 is the grain-size distribution of loess based on
which parameters dyq, dy7, dao and dgy were obtained. d,
dy7, d>o and dgq are grain sizes corresponding to the percent-
age finer values of 10, 17, 20 and 60, respectively in Fig. 4.
Parameters of n, 7 and ¢@(n) are used to estimate permeability
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Table 1 Recorded data with in-situ Darcy test

Vv K K,
Sample 1, I, m/d m/d m/d
Cl 4.48 0.60 2.14 0.48 3.58
C2 3.07 1.63 2.30 0.75 1.41
C3 1.70 1.33 2.21 1.30 1.66

Note: [, and K are hydraulic gradient and permeability measured with
filter tubes and I, and K, are hydraulic gradient and permeability
measured with piezometers. V is infiltration rate

n=-0.255(1+0.831) ()
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Fig. 4 Grain-size distribution of loess

with empirical formulas (Song et al. 2009). Here, 1 denotes
the ratio of dgq to djq, n is porosity calculated with Eq. (3)
(Vukovic and Soro 1992; Kasenow 2002). ¢(n) is a defined
parameter based on the changed values with different
methods (Table 2). Using a corrected dimensionless coeffi-
cient C (Song et al. 2009), three equations developed by
Hazen, USBR and Sauerbrei were used to calculate perme-
ability and the results are listed in Table 3.

Permeability was 0.45 m/d when assumed value of
hydraulic gradient was 1.0 based on double-ring infiltration
test. Permeability was 2.32 x 102 m/d when pumping test
was conducted in the aquifer at depth of 24 m below ground
surface. However, the permeability was 5.96 x 10~* m/d
when tested with indoor Darcy Test. Permeability tested
with the in-situ Darcy test were then compared to the results
measured with the other methods (Table 3).

n = —0.255(1 + 0.83n) (3)

Table 3 shows that the tested results based on in-situ
Darcy test is close to the values tested with double-ring
infiltration test and grain-size analysis, while differs a lot
from the results of pumping test and indoor Darcy Test. The
difference can be attributed to various factors such as
sample-size effects, spatial or direction variation in perme-
ability, and sample disturbance. During the double-ring infil-
tration test, grain-size analysis, and indoor Darcy Test,
samples were obtained from shallow vadose zone with
smaller size, and the results indicated vertical permeability.

Results of pumping test denoted horizontal permeability of
an aquifer at a deep depth.

Compared with the double-ring infiltration tests, hydrau-
lic gradient can be directly obtained (instead of assumption)
in the in-situ Darcy test. Compared with three different
calculations with grain-size analysis, it differed from the
results of Hazen method, while close to the results of
USBR and Sauerbrei method, which fit well with the
calculations of Song et al. (2009). More than ten samples
tested from six sites along Elkhorn River at Nebraska by
Song et al. (2009), the results showed that the results from
USBR and Sauerbrei method had a better resolution com-
pared to Hazen’s method. Compared with the horizontal
permeability based on pumping tests, vertical permeability
measured with the in-situ Darcy test is 10—100 times of it.
This comparison coincides well with the results of Zhang
et al. (1996), in which he stated that vertical permeability of
loess is approximately 100 times of the horizontal one
because of the well-developed vertical fracture in loess.
Permeability with the in-situ Darcy Test is about 1,000
times of that with the indoor Darcy Test. The possible reason
for this large difference is significant disturbance of sample
structures during the process of sampling and transportation.

Discussion

All the test conditions of the indoor Darcy Test were
satisfied in the in-situ Darcy test. Therefore, the design is
reasonable:

1. Saturated samples: samples in the in-situ Darcy test were
submerged in the single ring with a semi-infinite space at
the bottom. They can be exhausted after a long-time
vertical infiltration. All the samples were soaked over
10 days during the three groups of tests. After each test,
average water contents at the lower part of the samples
were measured to be 37.19, 33.23 and 30.57 %, respec-
tively, which can be regarded as saturated loess (Xu and
Zhang 1991).

2. Constant water head over samples: Marriott tube used in
the in-situ Darcy test guarantees the constant water head
condition.

3. Laminar water flow: samples used in the indoor Darcy
Test are homogeneous sand. In the in-situ Darcy test,
samples used are loess with intensive vertical structures,
which makes the vertical permeability much bigger than
the horizontal ones. However, the single ring used in the
test guarantees vertical flow in loess samples which can
be regarded as laminar flow, satisfying the Reynolds
number less than 10.

In addition, scale effect is another key issue affecting
accuracy of the in-situ Darcy Test. Permeability is a param-
eter indicating how permeable the porous media is, which is
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Table 2 Grain-size analysis and the relevant parameters for calculating permeability
@(n)
dyo dy; dyo deo n n Hazen USBR Sauerbrei
0.18 0.14 0.09 0.027 0.15 0.5 3.4 1 0.166
Table 3 Coefficient of Permeability (in m/d) derived from different methods
grain-size analysis

Double-ring test Indoor Darcy Test Pump test Hazen USBR Sauerbrei
K 0.45 5.96 x 107* 2.32 x 1072 11.37 0.79 2.46
K\/K' 1.87 1,409.40 36.21 0.07 1.06 0.34
Ky/K' 4.93 3,724.83 95.69 0.20 2.81 0.90

influenced by scale-size of samples and the measurement
error (Chowdary et al. 2006). In the future work, it is neces-
sary to study the relationship between permeability and scale
effect with the in-situ Darcy Test, and the following research
contents can be included: effect of different water head over
samples during the test; effect of different diameters of the
single ring to test results; different intervals of water head
measurement; time of sample immersion.

Conclusion

A set of equipment for the in-situ Darcy test was designed
according to the theory of indoor Darcy Test. The test
conditions of saturated sample, constant water head and
laminar flow in the indoor Darcy Test were all satisfied in
the in-situ test. A comparative analysis showed that the
designed in-situ Darcy Test is preferable for permeability
measurement of structural soil. In addition, it has
advantages of simple devices, easy operation, and intuitive
data record. Three sets of the in-situ Darcy Tests were
conducted in north western China, with which permeability
was obtained for loess in the shallow vadose zone. The
obtained permeability is an essential parameter for land-
slide risk mitigation in the long-term irrigated area. Finally,
through the analysis of key issues in the in-situ Darcy Test,
it is found that the scale effect on the test results should be
studied in the future works. These effects include the dif-
ferent water head effect, different ring diameters, hydraulic
head measurement interval, and soil degree of saturation.

Acknowledgments This research was supported by National Land
Resources Survey Project (No. 1212011140005 and No.
1212011014024).

References

ASTM D5126-90 (2001) Standard guide for comparison of field
methods for determining hydraulic conductivity in the vasose
zone. In: Annual books of ASTM standard, section 4: construction,
V.04-08, soil and rock (I): D420-D5779

Bagarello V, Sferlazza S, Sgroi A (2009) Comparing two methods of
analysis of single-ring infiltrometer data for a sandy-loam soil.
Geoderma 149:415-420

Bear J (1972) Dynamics of fluid in porous media. Dover, Mineola, NY,
p 764

Bouma J (1982) Measuring the hydraulic conductivity of soil
horizons with continues macropores. Soil Sci Soc Am J 46:
438-441

Bouwer H (1996) Rapid field measurement of air entry value and
hydraulic conductivity of soil as significant parameters in flow
system analysis. Water Resour Res 2:729-738

Chen XH (2000) Measuring of streambed hydraulic conductivity and
its anisotropy. Environ Geol 12:1317-1324

Chen S, Lee DT (1964) Estimation of irrigation water demand for
paddy rice fields by soil moisture equivalent index. J Chin Agric
Eng 10(4):15-40

Childs EC (1969) An introduction to the physical basis of soil water
phenomena. Wiley, London

Chong SK, Green RE, Ahuja LR (1981) Simple in-situ determination of
hydraulic conductivity by power function descriptions of drainage.
Water Resour Res 17:1109-1114

Chowdary VM, Damodhara RM, Jaiswal CS (2006) Study of infiltra-
tion process under different experimental conditions. Agric Water
Manag 83:69-78

Dupuit J (1963) Estudes Theoriques et Pratiques sur le mouvement
des Eaux dans les canaux découverts et a travers les terrains
permeéables, 2nd edn. Dunod, Paris

Gardner WR (1964) Water movement below the root zone. In:
Proceedings of 8th international congress soil science, Bucharest,
31 Aug-9 Sept, Rompresfilatelia, Bucharest, pp 317-320

Gregory JH, Dukes MD, Miller GL, Jones PH (2005) Analysis of
double-ring infiltration techniques and development of a simple
automatic water deliver system. Appl Turfgrass Sci. doi:10.1094/
ATS-2005-0531-01-MG

Healy RW, Mills PC (1991) Variability of an unsaturated sand unit
underlying a radioactive-waste trench. Soil Sci Soc Am J 55:899-907

Jacob CE (1940) On the flow of water in an elastic artesian aquifer.
Trans Am Geophys Union 21(2):574-586

Kasenow M (2002) Determination of hydraulic conductivity from grain
size analysis. Water Resources Publications, Littleton, CO

Lai J, Ren L (2007) Assessing the size dependency of measured
hydraulic conductivity using double-ring infiltrometers and numer-
ical simulation. Soil Sci Soc Am J 71(6):1667-1675

Li HL, Sun PP, Chen S et al (2009) A falling-head method for measur-
ing intertidal sediment hydraulic conductivity. Groundwater.
doi:10.1111/j.1745-6584.2009.00638.x

Nimmo JR, Stonestrom DA, Akstin KC (1994) The feasibility of
recharge rate determinations using the steady-state centrifuge
method. Soil Sci Soc Am J 58:49-56


http://dx.doi.org/10.1094/ATS-2005-0531-01-MG
http://dx.doi.org/10.1094/ATS-2005-0531-01-MG
http://dx.doi.org/10.1111/j.1745-6584.2009.00638.x

194

P. Sun et al.

Sammis TW, Evans DD, Warrick AW (1982) Comparison of methods to
estimate deep percolation rates. ] Am Water Resour Assoc 18:465-470

Schiff L (1953) The effect of surface head on infiltration rates based on
the performance of ring infiltrometers and ponds. Trans Am
Geophys Union 34:256-266

Sisson JB (1987) Drainage from layered field soils: fixed gradient
models. Water Resour Res 23:2071-2075

Song JX, Chen XH, Cheng C, Wang D, Lackey S, Xu ZX (2009)
Feasibility of grian-size analysis methods for determination of verti-
cal hydraulic conductivity of streambeds. J Hydrol 375:428-437

Stephens DB, Knowlton RJ (1986) Soil water movement and recharge
through sand at a semiarid site in New Mexico. Water Resour Res
22:881-889

Theis CV (1935) The relation between lowering of the piezometric
surface and the rate and duration of discharge of a well using ground
water storage. Trans Am Geophys Union 16(Pt. 2):519-524

Thiem G (1906) Hydrologic methods. J. M. Gebhardt, Leipzig, p 56

Thomas V, Peter D (2011) Field evaluation of methods for
determining hydraulic conductivity from grain size data. J Hydrol
400:58-71

Uma KO, Egboka BCE, Onuoha KM (1989) New statistical grain-size
method for evaluating the hydraulic conductivity of sandy aquifers.
J Hydrol 108:343-366

Vukovic M, Soro A (1992) Determination of hydraulic conductivity of
porous media from grain-size composition. Water Resources
Publications, Littleton, CO

Wu L, Pan L, Roberson M, Shouse PJ (1997) Numerical evaluation
of ring-infiltrometers under various soil conditions. Soil Sci
162:771-777

Xu HA, Zhang L (1991) A discussion about loess water content classi-
fication. J Xi’an Geol Inst 13(2):65-68 (in Chinese)

Zhang ZH, Zhai RT, Zhang W et al (1996). Permeability and col-
lapsibility of loess in Dingxi, Gansu Province, China. In:
Proceedings of the Chinese academy of geological sciences,
Department of Geology. China Building Industry Press, China
(in Chinese)

Zhang MS, Dong Y, Sun PP (2012) Impact of reservoir impoundment-
caused groundwater level changes on regional slope stability: a case
study in the Loess Plateau of Western China. Environ Earth Sci
66:1715-1725



Gansu, China

Discussion on Assessment in the Collapse of
Loess: A Case Study of the Heifangtai Terrace,

Pingping Sun, Maosheng Zhang, Lifeng Zhu, Qiang Xue, and Wei Hu

Abstract

Collapsibility is a unique feature of loess. Besides foundation deformation and subsurface
erosion, slope failures can also be resulted from the collapse of loess. Based on analysis of
the collapse of loess at the Heifangtai terrace, Gansu, China, a notable difference between
the theoretically calculated and actual values of collapse were observed. The theoretical
value was less than 50 % of the actual one. Based on this difference, the assessment of the
collapse of loess, including definition of collapsible loess and calculation of the collapse are
discussed. It is found that collapsible loess is a kind of typical unsaturated soil. Therefore,
water content and types of structures were essential factors affecting the collapsibility of
loess. Assessment of the collapse of loess, from why collapse to how collapse, can be
achieved by applying parameters representing both water content and types of structure,

using the theory of unsaturated soil mechanics.
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Introduction

Loess is a kind of sediment with special physical and
mechanical property which is widely distributed in the
world (Sun 2005). It covers an area of at least
640,000 km?, that is, approximately 6.6 % of the total land
area in China, of which three-quarters is collapsible loess
(Luo 1998). Loess, especially the collapsible loess, is highly
porous sediment which can sustain nearly vertical slopes
when dry but subject to catastrophic failure on reaching
certain critical moisture contents (Derbyshire et al. 1997,
1999). Collapse of building foundations in collapsible loess
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distributed area and consequent cracking of walls is com-
mon, and has affected a number of cultural heritage sites
(Derbyshire et al. 1997).

Research on the collapse of loess has been conducted by
scientists who focus on the engineering properties of loess
for more than half a century. From the view of interpreting
the reason of the collapse of loess, theories pertinent to
hypotheses on soluble salts (Muxart et al. 1995), colloid
deficiency and capillary effect (Dudley 1970), under-
consolidation of soil and structural effect (Zhang 1964,
Zhang et al. 1985; Lei 1987; Gao 1980; Locat 1995), and
mechanics of loess (Liu 1997; Chen and Liu 1986; Fredlund
et al. 1995) have been proposed. To deal with the practical
problems related with the distinctive behaviour of loess, four
national standards have been issued in China from 1966 to
2004, where engineering zonation and classifications have
been developed for use in regional planning. In the latest one
(GB 50025-2004), issues related with types and definition of
collapsible loess, and foundation treatments have been
improved, with which the engineering projects in collapsible
loess distributed areas have been well guided.

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 195
DOI 10.1007/978-3-319-05050-8_31, © Springer International Publishing Switzerland 2014
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However, most of the previous studies are descriptions of
the collapse phenomenon in loess based on the theory of
saturated soil. In fact, the collapse of loess in saturated soil is
just a special case. It usually occurs at different depth of soil
with various water contents (Xie 1999). From the unsatu-
rated soil point of view, Barden et al. (1969) conducted the
collapse test of consolidated soil under unsaturated and
constant suction condition. Tang (2003) believes that both
the synthetic effect of microstructure and uneven suction
contribute to the collapse. Yuan et al. (2007) hold the
opinion that the collapse of loess is resulted from the
decrease of suction stress. Xu and Dai (2009), Xu et al.
(2009) introduced a generalized definition of the collapsible
loess from the view of unsaturated soil. The theoretical
understanding of the collapse of loess is more close to reality
from the view of unsaturated soil mechanics theory. How-
ever, related studies are usually constrained from the test
conditions with complex stress states, which results in great
differences between the theoretical and actual values. The
Heifangtai terrace was taken as an example in this paper to
draw attentions of the related researchers. In this site, the
actual value of collapse was more than 5.96 m while a
calculated value of collapse is 2.8 m. The related problems
when assessing collapsibility of loess were also discussed.

Typical Case Study for the Collapse of Loess
Background of the Study Area

The Heifangtai terrace is located 42 km west of Lanzhou city
in Yongjing County, Gansu province, North-West China.
The landform comprises windblown loess deposits (Upper
Pleistocene), overlying the fourth terrace of the Yellow
River, presently forming steep, high cliffs along the river
corridor. This used to be an isolated loess platform with a
very limited groundwater flow regime. However, following
the construction of a major reservoir in 1963, people were
resettled onto the platform. In support of this resettlement,
most parts of the terrace levels have been reclaimed as
farmland with extensive irrigation taking place since 1968.

There are usually five stages of irrigation per year at the
Heifangtai platform. The first stage occurs in spring from
March to May, the last one occurs in winter from November
to December, and the other three stages occur between
spring and winter. In the 1980s, the total irrigation volume
was 7.22 million m® per year (about 0.90 m® per square
meter). In the 1990s, this changed into 5.76 million m’ per
year (0.64 m> per square meter). More recently, the total
irrigation volume is 5.90 million m’ per year (0.84 m’ per
square meter).

Due to the macro-porous fabric of the aeolian loess,
widespread soil collapse occurred following the irrigation.

Fig. 1 Location of the water tower

In turn, this resulted in large areas of farmland becoming
discarded, most irrigation pipes being destroyed, and the
dwellings requiring repair once every 3 or 4 years.
Landslides along the plateau edges are also aggravated
with the development of the cracks resulting from uneven
settlement of the terrace surface.

Actual Value of the Collapse

The phenomenon of conversions of four subsurface cisterns
into water tower (Fig. 1) aroused the authors’ interest to
research on the collapse of loess in the Heifangtai terrace.
All the four subsurface cisterns were built at the time of
construction in 1968, to meet the need of domestic water
supply. Consolidation, tamping, and structural reinforce-
ment were conducted as remedial measures to eliminate
collapsibility of loess in the foundation layer. While tremen-
dous collapse occurred to the circumjacent loess of the
cisterns. Let us take the No. 1 cistern as an example. It is a
cistern with a depth of 9 m, which is built with the top level
with the ground surface. However, this top level is now
3.5 m higher than the ground surface due to collapse of the
surrounding loess deposits (Fig. 2). This shows that for the
top 9 m some 40 % of the original volume has been lost. The
other three cisterns (No. 2, 3 and 4) are now in similar
situation.

Based on the comparison of topographic maps between
1977 and 1997, obvious differences for the surface
elevations at different years were also observed (Fig. 3).
The maximum difference for the surface elevation is
5.96 m, with an average difference of 3 m. It shows that
the maximum value of land settlement is 5.96 m in the past
20 years. These observations are much greater than the
calculations of the collapse of loess in the previous work.

The triggering factors for loess collapse are an increase of
groundwater level and infiltration of irrigation water. Based
on the tested changes of coefficient of collapsibility with
depth (Fig. 4), it shows that the loess layer at the Heifangtai
terrace can be divided into four parts on the basis of different
mechanism of collapse. Collapse induced by irrigation water
occurs between depths of 0—-12 m, where the coefficient of
collapsibility for loess in the irrigation district differs a lot
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Fig. 2 Conversion of subsurface cistern into water tower
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Fig. 3 Comparison of topographic maps between 1977 and 1997
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from that in the non-irrigation district. There is no obvious
collapse between depths of 12-22 m, where the coefficients
are similar in both districts. Collapse induced by capillary
water occurs between depths of 22-25 m, and the base of the
loess, between 25 and 45 m, is saturated and collapsibility
potential can be neglected.

Theoretical Value of the Collapse

The collapse of loess at the study area was self-weight
collapse without applied load because most parts of the
terrace level have been reclaimed as farmland since 1968.
Wells with depth of 15 m were explored in the irrigation and
non-irrigation districts. Fifteen samples were collected in
each well, with one sample per meter to test the collapsibility
of loess, and the averaged values were listed in Table 1.
Table 1 shows that there is still large collapse potential
for loess in the upper 15 m, especially for the loess in non-

irrigation  __ non-irrigation
coefficient of collapsibility

0 0.03 0.06 0.09 0.12

2_
4
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8_
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16

depth /m

Fig. 4 Changes of coefficient of collapsibility with depth

irrigation district. The average value of the coefficient of
collapsibility for loess in the irrigation district is 0.0443,
indicating a high potential for collapse, even though it has
experienced irrigation for more than 40 years. Based on the
information from surrounding wells, loess layer thickness
across the irrigation district is approximately 45 m where
collapsibility for saturated loess in the lower 20 m is negli-
gible. However, loess layer thickness across the non-
irrigation district is 50 m. According to the guide of national
standard in China (GB50025-2004), self-weight collapse of
loess both in irrigation and non-irrigation districts were
calculated with the layer-wise summation method. Assum-
ing that the loess at depth from 0O to 50 m is collapsible, the
calculated values of total self-weight collapse in irrigation
and non-irrigation districts were 1.68 and 4.48 m, respec-
tively. That is, the collapse of loess in the irrigation district
was 2.8 m, which is less than 50 % of the actual collapse of
loess.

Discussion on Assessment of Loess
Collapsibility

Calculation of the Collapse

The recommended formula in the national standard
(GB50025-2004) are based on the mechanism of saturated
soil, without considering some essential factors affecting
collapsibility of loess, such as changes of water content
with depth under long-time irrigation condition, content
changes of soluble salts, variations in microstructures of
loess, and stress redistribution in loess. In addition, most of
the methods testing collapsibility of loess in laboratory are
based on lateral confinement condition, which cannot reflect
the natural state of the collapse of loess under variable
confinement conditions. Multiple factors contribute to the
great difference between calculated and actual values of
collapse.
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Table 1 Coefficients of collapsibility before and after irrigation at different depth

Depth/m 1 2 3 4 5 6 7
5,1 (x1072) 2.43 2.40 3.34 5.1 4.75 4.83 4.52
5,(x1072) 763 973 730 75 967 963 105

8 9 10 11 12 13 14 >15
474 473 457 466 472 477 501 4.68
10.5 8.69 10.5 865 536 693 503 5.04

Note: §,; and J,, are coefficients of collapsibility of loess in irrigation and non-irrigation district, respectively

Definition of the Collapsible Loess

According to the national standard (GB50025-2004), when
the tested value of coefficient of collapsibility under some
applied load is more than 0.015, it is defined as collapsible
loess; otherwise it is defined as non-collapsible loess. This
definition is suitable for loess-distributed area with small-
thickness loess. However, for loess with large thickness, the
collapse of loess is still not negligible even when the
coefficient of collapsibility is less than 0.015 because the
value of collapse from accumulation layer by layer is con-
siderable. If the collapsibility of loess with small coefficient
is overlooked in practice, tremendous negative effect on
stability of buildings will occur.

Further Research Based on the Unsaturated Soil
Mechanics Theory

Loess is typical unsaturated soil. Yuan et al. (2007) holds the
opinion that the contribution of suction to structure strength
is significant, who believes that the collapse of loess is owing
to the strength decrease during the process of suction varia-
tion. Zhu and Chen (2008) also believes that collapse occur
as a result of suction reduction under soaking and applied-
load conditions. Based on the above description, one can
conclude that water content and types of structures were
essential factors affecting the collapsibility of loess. The
nature of the collapse of loess can be interpreted applying
parameters representing both water content and types of
structure. Lu et al. (2010) introduced a parameter
representing effective stress in unsaturated soil, which is a
combination of water content and structures. With the
advanced equipment such as TRIM introduced by Lu et al.
(2010) and the combined parameter, assessment of the col-
lapse of loess from why collapse to how collapse may be
achieved.

Conclusion

1. The collapse of loess induced by long-time irrigation in
the Heifangtai terrace is much greater than empirical
values of previous work. The maximum value of collapse
is more than 5.9 m, which is two times the calculated
value. This fact indicates that assessment of the collapse
of loess based on the traditional mechanism of saturated
soil cannot satisfy the demands in current engineering.

2. For loess layers with large thickness, the collapse resulted
from the loess with coefficient of collapsibility less than
0.015 cannot be negligible.

3. Loess is typical unsaturated soil, and water content and
types of structures were essential factors affecting the
collapsibility of loess.

4. Tests under complex stress state with advanced
equipments are the future trend for studying the mecha-
nism of the collapse of loess.
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Quantitative Deformation Analysis of Landslides
Based on Multi-period DEM Data

Qiang Xue, Maosheng Zhang, Lifeng Zhu, Xiujuan Cheng, Ying Pei,
and Junbo Bi

Abstract

Quantitative deformation analysis of landslides is a difficult problem in landslide study.
The quantitative deformation analysis model of landslide based on multi-period DEM data
is established by ArcGIS using four periods of topographic maps obtained in 1977, 1997,
2001, and 2010, in order to reveal the processes of landslide evolution in the Heifangtai
Irrigation Area. The deformation amount and deformation rate were calculated in stages for
32 landslides along the margins of Heifangtai platform in Yongjing, Gansu Province. The
mean retrograde eroding velocity of landslide scarp was 4.47 m/a from 1977 to 1997,
3.46 m/a from 1997 to 2001, and 1.10 m/a from 2001 to 2010. At the same time, the
relational formula between irrigation amount and landslide deformation amount was
established, and the landslide evolution tendencies were predicted. The calculation results
show that the average retrograde distance of the landslide scarps will be 0.79 m by 2015 and

can be reduced to 0.20 m by 2020.

Keywords

Heifangtai platform « Landslide « DEM « Deformation analysis

Introduction

Most of the past landslide deformation analyses were made
by dynamic monitoring such as GPS ground surface dis-
placement monitoring, interferometric synthetic aperture
radar (InSAR) monitoring, and deep-seated displacement
monitoring, etc. Dynamic monitoring is advantageous due
to relatively high accuracy, but it is expensive, and very
difficult to achieve large area continuous monitoring. More-
over, landslide monitoring data accumulated so far is scarce,
which affects comprehensive revelation of occurrence,
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dynamic processes and tendencies of landslides over large
scale. With development of geographic information system
(GIS), geoanalysis based on Digital Elevation Model (DEM)
has been increasingly popular (Kawabata and Bandibas
2009; Casalbore et al. 2011; Iwahashi et al. 2012). Guido
Ventura et al. (2011) proposed a method of landslide evolu-
tion analysis by using multi-period light detection and rang-
ing (LiDAR) data. Dewitte et al. (2008) studied vertical and
horizontal displacements of typical landslides at Leupegem
Hill in western Belgium from 1952 to 2002 by using multi-
period digital terrain model (DTM) coupled with stereopho-
togrammetry and LiDAR. Although DEM data are very
widely applied in landslide research, most of them are
based on one set of data or multi-temporal data focusing
on landslide displacement analysis only, whereas there are
rare studies and applications on deformation amount (e.g.,
volume) and deformation rate of landslides using multi-
period DEM data.

With landslides along the margin of Heifangtai loess
platform in the western China as the area of this study, and

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 201
DOI 10.1007/978-3-319-05050-8_32, © Springer International Publishing Switzerland 2014
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topographical maps of various periods as data source, we
established grid DEMs separately for various periods,
stressing on computing ground surface deformation amount
and deformation rate of the landslide in different periods,
and carried out correlation analysis of landslide-triggering
irrigation amount and landslide deformation amount, so as to
predict landslide developing tendency in future. Through
this study, we explored to develop a kind of technique
about quantitative analysis of landslide deformation based
on multi-period DEM data, and combined it with irrigation
amount to analyze deformation evolution tendency of
landslides along the margin of Heifangtai loess platform;
this analysis method will be a new thought about landslide
deformation analysis.

Outline of Landslides Along the Margins
of Heifangtai Loess Platform

Heifangtai platform is situated in Yongjing County, Gansu
Province in the western China; it is a loess platform with a
total terrace area of 13.44 km? at an altitude about 1,700 m a.
s.l. In the Heifangtai platform region, landslides form in late
epochs and occur at high frequency with large density, and
new landslides take place every year leading to severe defor-
mation of slopes. Most of the landslides are characterized by
in-situ tracing and imbricated retrograding sliding; a single
landslide exhibits relatively standalone dynamic evolution
system with multi-period slip and its deformation is featured
in complex nonlinear evolution. Along the about 10-km-
long platform margin from Jiaojia in the east to Yanguoxia
Town in the west, there are more than 50 landslides varying
in size and age, stacking and joining each other to exhibit a
banded cluster collectively.

In this paper, only 32 typical landslides along the south-
ern margin of Heifangtai platform were studied, and a multi-
period landslide inventory map (Fig. 1) was acquired from
multi-period DEM data.

Quantitative Analysis of Deformation of
Landslides Along the Margins of Heifangtai
Loess Platform

Data Source and Accuracy

Data source of this study includes 1:10,000 topographical
maps released by Gansu Administration of Surveying,
Mapping and Geoinformation in three periods, i.e., 1977-
April, 1997-July, and 2001-July, and the 1:1,000 topograph-
ical map made by Xi’an Center of Geological Survey, China
Geological Survey through 3D laser scanning in April, 2010.

[©] Landslide boundary in 1977
[=] Landslide boundary in 1997
[Z] Landslide boundary in 2001
[©] Landslide boundary in 2010
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Fig. 1 Multi-period landslide inventory map of the southern margin of
Heifangtai platform

Fig. 2 TIN data of the study area in different periods (local area)

Given a study area covering 5.15 km?, based on the data of
contour lines and elevation points over the study area
obtained through vectorization, we built Triangulated Irreg-
ular Networks (TIN) (Fig. 2) in ArcGIS first, and then
converted TINs into grid DEMs.

Computation of Landslide Elevation Difference

Subtracting grid DEM data of landslides at Heifangtai plat-
form in 1997 from those in 1977 yields difference values
between elevations of landslide bodies in 1977 and in 1997
(Fig. 3a), in which positive values represent decrease in
elevation and are attributed to landslide slip zone, whereas
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Fig. 3 Changes of elevation
differences of Heifangtai
landslides in different periods [(a)
Elevation difference values
during 1977-1997; (b) Elevation
difference values during
1997-2001; (c) Elevation
difference values during
2001-2010]

a Elevation difference (m)

1977-1997
I High : 69.06

B Low : -33.99

0

= im

b Elevation difference (m) N
1997-2001

B High : 54.84

W Low : -20.86

1,000 2,000

0 1,000 2,000
[ — )]

Cc

Elevation difference (m)
2001-2010

B High : 48.57

B Low @ -19.01

1,000 2,000
L se—]

negative values represent increase in elevation and are
attributed to landslide accumulation zone.

Over two decades from 1977 to 1997, the maximum fall
of landslide elevation is 69.06 m. Likewise, subtracting grid
DEM data of landslides at Heifangtai platform in 2001 from
those in 1997 yields the landslide elevation difference values
during this period (Fig. 3b), indicating that the maximum fall
of landslide elevation is 54.84 m over 4 years from 1997 to
2001. Subtracting grid DEM data of landslides at Heifangtai
platform in 2010 from those in 2001 yields the landslide
elevation difference values during this period (Fig. 3c),
indicating that the maximum fall of landslide elevation is
48.57 m over 9 years from 2001 to 2010.

Computation of Landslide Volume

The change in landslide volume can be calculated according
to ground surface deformation amount. Suppose that the
original curved terrain surface is Hy = f{x,y) and post-
landslide curved terrain surface is H; = g(x,y), within the
landslide region L, the volume V (Zhou and Liu 2006)
between the original curved terrain surface H; and the
post-landslide curved terrain surface Hy is

Original terrain surface

Fig. 4 Slip zone and accumulation zone of a typical landslide

V= [[ 17 - stayaray (1)

L

The volume computation result may be positive or nega-
tive, depending on the location relationship between original
curved terrain surface and post-landslide curved terrain sur-
face. When the post-landslide curved terrain surface is



Q. Xue et al.

204

LT'0186—
86 16V TS—
TY'TLO0T—
S6T9T Tv—
81°6SLYE—
LYTY98—
1€°189°6—
66'6—
1L°9SC—
SETWT'L—
61°8SL'L1Y—
81'80€°€—
68°67—
98'0€0°T—
6T LEET—
S9'8ETTI—
86°S6T6—
LET6I9—
E1°E88 VI —
TEVOSYT—
S6'LILOT—
Tr0E8vT—
66'SSTTI—
T89Y8S—
YT LLE SYT—
60°T61°81—
v'676°8—
L¥'08€°L—
P1TE0°L—
87 T91' 38—
ST809v—
88°T61°CI—
() swnjoA
UoNB[NUNIIY

10°TSL°00€
6STI8TIOT
SL'9TSTLE
8EI0'V16
1€°6PS S8
ELTETOVTT
vSTESHOS
€6'LETOTI
LEE6LSTT
¥S099°L11
I¥°€0L VL8
8L°€8Y'96
9T 0rST1
TS°6£9°8Y
TEESLTO1
6717701
S8°L91°6TI
LLY98' VY
9L'08L19
91°T8€'LTT
vS 687 €11
ETTO1V8I
80°180°8¥C
20°S68°c61
LY9L8V6E
£€°68S9€1
9T’ STELY
IL°€€0°LTT
91°6¥8°08
€6'T1L°6€
99'LSG €L
0L TLO*91
()
aunjoa difg

010Z-100C

€C1GLC8—
8S769°68—
08'676°LOT—
99'690°Ci 1 —
80'89L 8¥1—
LTY86S—
0

0

LO'L8TT—
€TG5S LEL—
91'168°G8€—
9L'198'86—
9€9LG L—
6670601 —
TISTTe8l—
LS L1T'vr—
90 7¥¥T—
€E°LTOT—
67°658°6—
LEBTI9—
88 V8I°LI—
61°000°69—
LSOL6EET—
¥9'8L8°8CE—
Y0°0S1°Ly—
88'899°19—
9€¥10°1C—
SI'TOL 06—
S6'8L8'L—
€7'9L9°6—
81 1LEC—
10°9S9°1—
AmEv QUIN[OA
UOIR[NUWINOJY

€6'L16°19S
S8'LTH'9TS’T
L6'T98°CES
89°9V1°LI0‘E
Tr'T88°976°1
9S°9L0°878°¢
0€°99°€0Y‘1
€8'0€L°S8E
8TTIT'16€
T6'99L°L
ISYIT Y1
19°SL8°S
1688
18°069°L
09°6¢S
€S EVS Y9
€8'768°0¢€1
0L €YT€9
99°0LLTS
87°S96°61¢€
69°T€09LT
SSTLTLOTI
SL'L90°LOT
90°€€L°LIT
66'LY0TIT
681896
€T8YLYS
LTTLS'ETT
€5°T8891
78°€60°SS
I7°00€°6L
18°GLTES
(cw)
sumoa dig

100C—L661

89°00€°S9—
IS ELLT6—
9€'TET8ET —
TTY6r 91—
8¢°LOO'LLT—
17811°8¢—
89—
0€'88L8CT—
99'89L°9S—
70°00S'L8—
91°168°S8€—
8SH0S L—

0

STLOS'S—
01°8L9VIE—
8y 1—

0

0

0
SE0STTI—
09'110°6—
€CeLL—
0Tel—
€8°CCL—
6790V —

0

0

65 EVI'SI—
0

0

96 VLLTT—
YT rSy—
() swnjoa
UOIR[NWNIIY

S6'TYP 859
€L LLI'V60T
€T°0LL690°T
LLLT¥'861°E
617°888°LT6°1
LO' LYY S1¥T
LL'8EY'L8T'T
6L TLLT

v 79 861
YL OTYTLY'T
ISYIT 1
SL'1T0°90T
TIE0 Ty
€1°LS8°SST
ST'88L'6ST
€T°86L°€6S
TI'66£€Y8
1L 10V VLY
96'¢11°08
YO'STLTYE T
LSVISTE6
ST'86TT8Y’T
81'889' V191
£9'S99°916°C
TO'LEYLTY T
LETSYLSST
€0'9L1°S69
€G°GIL'LED'T
16°6S1°08Y
8C'8YL'EEY
L6'LY8SEE

0S"L8¥ 17
()
unjoa diig

L661-LL6L

UOTJB[NO[BD SWIN[OA

60
0’0
96°0
(0}
90
I¥°0
8Tl
00°¢
6L'C
9¢°0
060
LTY
SCLT
918
L3¢
009
9e'Y
£8'8
06t
L9°€E
88'C
€'l
IT°T
69°0
70'1
6C'1
S
8¢C°1
4
09
61°¢
VL' L
(Jury
/TeaK/sopr[spue|
Jo I_qunu)
Kouanborg

Y1e10
ISLE0
L9T1°0
SI8¢°0
969C°0
£06C°0
67760°0
£0€0°0
9200
0910
¢691°0
¥820°0
$€00°0
11100
€1€0°0
20200
8L20°0
LETO0
Ly20'0
£1v0°0
12v0°0
8060°0
¢601°0
6SL1°0
8911°0
L£60°0
¥910°0
€9L0°0
98200
¥920°0
$8¢0°0

LSTO0
(Fuen)
BaIy

N v T TN T TN T T T T T OONT DTN T TN N

¥
sopI[spue|
JO IoquINN

uorne[noyed Aousnbaig

¢HA
CHA
ITHA
CHS
[HS
HS
CHA
IHd
HATL
Hd
CHH
IHH
¢HA
CHA
IHA
LTHI
9THI
STHI
VIHI
€THI
CIHI
LTHI
OTHI
6HI
8HI
LHI
OHI
SHI
YHI
¢HI
CHI

[HI
N
SPI[Spue]

uuopjed rejSuejIoH Je SOpI[Spue[ JO sowN[oA pue sarouanbaiy jo uonenoe) | ajqeL



Quantitative Deformation Analysis of Landslides Based on Multi-period DEM Data

205
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Landslide magnitude Ckm®)

Fig. 5 Magnitude—frequency relationship of landslide

higher than the original curved terrain surface, the volume is
negative, representing landslide accumulation zone; in con-
trast, when the post-landslide curved terrain surface is lower
than the original curved terrain surface, the volume is posi-
tive, representing landslide slip zone (Fig. 4). Summing up
volumes of all slip zones or accumulation zones within a
landslide separately yields the total slip volume or total
accumulation volume of the landslide.

For the change in landslide volume during a period, we
manually delineated landslide boundary based on 3D terrain
first, and then calculated landslide volume changes within
the boundary using (1) on ArcGIS platform. In this paper,
volume changes of 32 typical landslides around Heifangtai
loess platform in three time intervals, i.e., 1977-1997,
1997-2001, and 2001-2010, were computed and analyzed
respectively to obtain slip volume and accumulation volume
of every landslide body during each time interval, as shown
in Table 1 below.

Computation of Landslide Frequency

Landslide movement frequency can be expressed as a ratio
of number of observed landslide events over unit area, and
its unit is number of landslides/year/unit area (Corominas
and Moya 2008). The movement frequency of a single
landslide is determined by number of landslides occurrence
or number of movements identified during observation
period, and frequency observation period is 33 years ranging
from 1977 to 2010. Landslide frequency F can be computed
using the following formula:

TxA )

where, F is frequency of landslide occurrence or movement
(unit: number of landslides/year/km?), N is number of

landslide occurrence or movement, T is observation period
(unit: yr), and A is unit area (unit: km2). See computing
result in Table 1 below.

Statistical analysis of 32 landslides along the southern
margin of Heifangtai platform yields the magnitude—
frequency relationship of landslide (Fig. 5), which exhibits
power law distribution and expressed as follows:

F =0.1589470-8938 3)
R?* =0.9819

where, A is landslide magnitude (area: km?), F is frequency of
landslide events with magnitude greater than or equal to A.

Computation of Landslide Scarp Retrograde
Eroding Velocity

Landslide slip displacement during certain time interval can
be obtained through continuous aerial photos, satellite
photos (or DEMs); then, we divide the total displacement
by time interval to get slip veloctiy of the landslide. This
method is able to effectively assess mean slip veloctiy of a
landslide in midterm or long term.

Liquefaction-induced flow occurred in loess after
Heifangtai platform landslides slid down, the landslide fron-
tal edges extend underneath terrace scarp composed of Cre-
taceous sandy mudstone and even enter the Yellow River, so
it is difficult to characterize landslide slip veloctiy with one
marker on landslide frontal edge or landslide body. In this
study, the retrograde eroding velocity of landslide scarp is
used to characterize landslide deformation rate. The
retrograding distance of landslide scarp divided by duration
is the retrograde eroding velocity of landslide scarp. Mean-
while, the sum of landslide slip volumes of Heifangtai loess
platform divided by duration represents the overall deforma-
tion rate of Heifangtai platform landslide (Table 2).

Prediction of Landslide Developing Tendency

Irrigation Amount Versus Landslide
Deformation Amount

Long term large area free flooding over Heifangtai platform
region makes a great amount of irrigation water seep into the
ground to increase groundwater recharge and break the
groundwater balance of Heifangtai platform, thereby chang-
ing hydrogeological conditions in natural state. Irrigation
information of Heifangtai platform irrigation area during
various time intervals from 1977 to 2010 is shown in
Table 2.



206

Q. Xue et al.

Table 2 Calculation of deformation rates of landslides at Heifangtai platform

Retrograde distance (m) Mean retrograde

eroding

Period Maximum Mean velocity (m/a)
1977-1997 136.75 89.34 4.47
1997-2001 47.43 13.82 3.46
2001-2010 35.92 9.91 1.10
Average 3.01

a
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Irrigation amount(10*m?/a)
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Total slip Overall deformation irrigation amount
volume (m>) rate (m°>/a) (10* m*/a)
32,870,919.83 1,643,545.99 649.89
15,693,447.08 3,923,361.77 612.04
9,611,512.19 1,067,945.79 590.91
2,211,617.85 617.61
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Fig. 6 The relationship between irrigation amount and landslide [(a) slip volume; (b) retrograde eroding velocity of landslide scarp]

For each landslide at Heifangtai loess platform, there
exists a certain relationship between total slip volume V
and annual mean irrigation amount Q (Fig. 6a), that is, the
greater the annual mean irrigation amount (unit: 10* m?/a),
the larger the landslide slip volume (unit: 10* m?). Statistical
analysis shows that they exhibit exponential correlation fol-
lowing the relational expression as follows:

V =2FE — 330" @)
R* = 0.9989.

Certain relationship also exists between mean retrograde
eroding velocity S of landslide scarp and annual mean irri-
gation amount Q (Fig. 6b), that is, the greater the annual
mean irrigation amount (unit: 10* m3/a), the higher the mean
retrograde eroding velocity (unit: m/a) of landslide scarp.
Statistical analysis shows that they exhibit positive correla-
tion following the relational expression as follows:

S =0.0535Q — 30.025

R* = 0.8565. )

Prediction of Developing Tendency

It is found from the above calculations that, from 1977 to
2010, the mean retrograde distance of landslide scarp at
Heifangtai platform reaches 113.07 m while its mean retro-
grade eroding velocity is 3.01 m/a. During 9 years since
2001, landslide slip volume, landslide scarp retrograde

Table 3 Predicted developing tendency of landslide scarp retrograde
distance at Heifangtai platform

Time (year) Retrograde eroding distance (m)

2013 0.90
2014 0.83
2015 0.79
2016 0.72
2017 0.68
2018 0.65
2019 0.47
2020 0.20

distance and retrograde eroding velocity decreased signifi-
cantly, while slope failure exhibits reducing tendency. How-
ever, since the landslides at Heifangtai platform are ascribed
to high-altitude landslide, with free faces remaining and
water table staying high and this loess platform is irrigated
by water diverted from the Yellow River, resulting in dense
slope cracks, landslides at Heifangtai platform have poor
global stability. The loess platform would go on sliding
with dislocation, if no effective prevention and control
measures are taken.

According to the above analysis on relationship between
irrigation amount and landslide deformation amount and the
tendency of decreasing overall irrigation amount at
Heifangtai platform over these years, it is predicted that
landslides will evolve towards a tendency of reduced defor-
mation in future. It is estimated that the mean retrograde
distance of landslide scarp will be 0.79 m by 2015 and can be
reduced to 0.20 m by 2020 (Table 3).
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Conclusions

1. Deformation information of 32 typical landslides along
the margin of Heifangtai loess platform during
1977-2010 has been analyzed in stages: from 1977 to
1997, total slip volume is 3,287.09 x 10* m® and the
mean retrograde eroding velocity of landslide scarp is
4.47 mfa; from 1997 to 2001, total slip volume is
1,569.34 x 10* m® and the mean retrograde eroding
velocity of landslide scarp is 3.46 m/a; from 2001 to
2010, total slip volume is 961.15 x 10* m® and the
mean retrograde eroding velocity of landslide scarp is
1.10 m/a.

2. For each landslide at Heifangtai loess platform, both total
slip volume and mean retrograde eroding velocity of
landslide scarp have certain corrleation with annual
mean irrigation amount, that is, the greater the annual
mean irrigation amount, the larger the landslide slip vol-
ume and mean retrograde eroding velocity of landslide
scarp; with decreasing irrigation amount at Heifangtai
platform each year, the landslide will evolve towards a
tendency of decreasing deformation in future. It is
estimated that the mean retrograde distance of landslide
scarp will be 0.79 m by 2015 and can be reduced to
0.20 m by 2020.

3. Through this study, a new method of landslide deforma-
tion analysis has been established and offers scientific
basis for prediction, prevention and control of landslides
at Heifangtai platform.
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Research on Prediction Methods of Surges Induced
by Landslides in the Three Gorges Reservoir Area
of the Yellow River

Wei Hu, Maosheng Zhang, Lifeng Zhu, Pingping Sun, Xiujuan Cheng,
and Jun Jia

Abstract

The risks of surges in the Three Gorges Reservoir area of the Yellow River cannot be
neglected. Empirical equations are efficient evaluation methods which should be consid-
ered as a priority. Field survey was carried out on the loess landslide and surge which
occurred in Jiaojiayatou in the Three Gorges Reservoir area of the Yellow River on 7th
February, 2012. Then features of the loess landslide and surge were analyzed. Nine
classical equations for landslide-triggered surges were adopted to calculate characteristic
parameters of the surge, including initial surge height and run-up height on the opposite
bank. Compared with field survey results, characteristic parameters of the surge derived by
empirical equations, including ASCE recommended method, method of China Institute of
Water Resources and Hydropower Research, Huber and Hager model and Panjiazheng
method, are close to those of the real model. The verification coefficients are 2.14, 1.92, 0.6
and 0.66 respectively. After comprehensive comparisons of safety and economical effi-
ciency, Panjiazheng method is recommended to predict similar hazards in the Three Gorges
Reservoir area of the Yellow River.

Keywords
Loess « Landslide « Surge « Irrigation « Heifangtai

Introduction 1964). Therefore, the assessment of surge risks should be

prior to that of mother landslides.

Landslide-induced surges are the important integral parts of
landslide disaster chains. Some of historical landslide-
induced surges caused even worse disasters than landslides
themselves, of which the most well-known case was the
surge caused by Vajont rock slope failure in Italy (Muller
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A variety of methods for surge assessment exist which
can be summarized in five types, including the theoretical
method, the numerical method, the physical modelling
method, the field model verification method, as well as
empirical method. The theoretical method is rigorous but
complex meaning less applicable. The numerical method
can calculate featured parameters of surges with high effi-
ciency, with the disadvantage that commercialized software
are seldom available. The physical modelling method,
mainly referring to the similarity-principle-based laboratory
model testing, provides high reference values for surge anal-
ysis. The disadvantages include high costs and inconsistency
with the real world due to limitations of scale effect. Besides,
both numerical modelling and physical modelling have
difficulties in deciding reasonable parameters and boundary
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Fig. 1 Typical stratigraphy of Heifangtai

conditions. Hence, the field model verification method
which utilizes field observation data to verify calculation
equations and further predict similar landslides and surges
is a more acceptable method (Zhang et al. 1994). The empir-
ical method is to summarize both theoretical and testing
research findings of a type of problems in a summarized
and generalized equation. Compared with the former four
methods, the empirical method should be considered as a
priority for its high efficiency and easy applicability.

The Three Gorges Reservoir of the Yellow River was
built in the 1960s. After then, a series of geo-environmental
problems including landslide-induced surge disasters were
caused. One typical representative slope is the Jiaojiayatou
slope of Heifangtai platform, which lies on the north bank of
Bapanxia reservoir. Since the 1980s, more than a dozen
high-speed loess landslides have occurred. Most of the
landslides crushed into the reservoir triggering surges,
endangering people and properties along on the river.

This paper studies the latest Jiaojiayatou landslide and
subsequent surge occurring on 7th February, 2012. Emer-
gency investigation of the disaster was conducted just a day
after obtaining well-recorded field featuring data of the
landslide and surge. Then a total of nine equations were
utilized to calculate featuring parameters of the surge. By
comparing them with field recorded data and obtaining
verifying coefficients, the empirical equations were ranked
according to their consistencies.

Features of the Landslide and Surge

Heifangtai is a platform of which the bed is the fourth terrace
of the Yellow River. The exposed stratigraphic layers, from
the youngest to the oldest, are the upper Pleistocene wind-
blown loess layer, the mid Pleistocene alluvial silty clay and
gravel layer, and the Cretaceous mudstone and sandstone

layer (Fig. 1). The 130 m high Jiaojiayatou slope, locating in
the steepest sloping area at the southern edge of Heifangtai,
is generally concaved on the top and steep at the toe (Fig. 2).
The upper loess slope and the lower bedrock slope have
slope gradients of about 32° and 43°, respectively. A provin-
cial road with a width of only 10 m passes by the toe of the
slope, while the river reservoir with a width of 200 m and an
average depth of 20 m flows just on the outer side of the
road. At 16:30 pm on 7th February, 2012, high elevation
landslide occurred again, similar to the past several failures,
which took place in the same slope. With a total volume of
1.2 x 10° m’, the landslide is 120 m long, 100 m wide and
10 m thick. The landslide has a clear circle-chair shape and
borders (Fig. 3a). After sliding, few sliding masses were left
on the sliding bed. Instead, most of the sliding masses
disintegrated into powders. Moreover, soils at the bottom
of the deposits were in fluid plastic state, demonstrating
sharp reduction of soil strength and consequently leading
to a high-speed landslide.

When the landslide body reached the toe of the slope,
main part of the body with a volume of 1.1 x 105 m® almost
immediately crushed into the reservoir and triggered surge
waves, with only 1.0 x 104 m® left at the toe of land.
Unfortunately, two cars were just passing and pushed into
the water. According to field investigations, the surge pulled
out trees with diameters of regular bowls, destroyed the iron
roof of a small single house (Fig. 3b). After landing, the
surge continued climbing up and further until it reached a
run-up height of 6 m and a farthest distance of 270 m
(Fig. 3c). In the way, ice blocks with the average thickness
of 30 cm were broke apart (Fig. 3d).

Prediction Methods of Surges
Analysis of Factors Influencing Surges

Features of landslide-induced surges are affected by lots of
factors, mainly three aspects including landslide factors,
hydro-geological factors, and topographic factors (Liu
1987; Carl et al. 2006). The landslide factors refer to size
feature including length, width, thickness, etc., material
composition and shape of sliding masses, relative positions
between landslides and waters, motion modes and tracks of
landslides. All these factors mainly influence magnitude and
shape of surges. With water depth, width and velocity
included, the hydro-geological factors refer to features of
waters where surges develop and mainly influence propaga-
tion attenuation laws and shapes of surges. Topographic
factors refer to angles of river bank slopes, strikes, as well
as inshore terrain.
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Fig. 2 Schematics of the cross section of Jiaojiaytou and the opposite bank of Yellow River

Fig. 3 Features of the
Jiaojiayatou landslide and surge.
(a) Overview of landslide, (b)
remnants of the opposite bank, (c)
maximum run-up height of the
surge, and (d) smashed ice blocks
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Selection of Calculation Models for Surges

The velocity of a landslide when touching water is one of the
parameters prior to surge calculations. For this velocity,
several methods already exist, such as Pan’s method,
ASCE recommended method, variation method etc. All of
these existing methods are based on energy conservation law
while considering different assumptions (Hu et al. 2012).
Wang’s et al. study (2001) revealed a horizontal projectile
motion mode of travelling after a typical Jiaojiayatou land-
slide breaking away from the mother slope until reaching the
boundary between the Yellow River and the road. So if the
velocity of a landslide at the shearing outlet is known, then

Remunant after the surge

landslide velocity when touching water could be calculated
according to horizontal projectile motion equation.

Huang et al. (2010, 2012) studied and summarized
methods for surge calculation. Herein nine most frequently
used models, including the ASCE (American Society of
Civil Engineers) recommended method (Zhang et al.
1994), the IWHR (China Institute of Water Resources and
Hydropower Research) method (Huang and Dong 1983),
Pan’s method (1980), as well as models put forward by
Hall and Watts (1953), Noda (1970), Slingerland and Voight
(1980), Synolakis (1987) Huber and Hager (1997), and
Chow (Cited by Huang et al. 2012), were adopted to perform
surge calculation.
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Table 1 Parameters for surge calculation

Parameters

Landslide factors

Velocity at shearing outlet via Pan’s method
Velocity at shearing outlet via ASCE method
Velocity at shearing outlet via variation method
Velocity at shearing outlet via numerical simulation

Elevation difference between the centroid of landslide and the water surface

Tangential obliquity of the sliding track at the shearing outlet
Length of sliding body

Width of sliding body

Average thickness of sliding body

Volume of sliding body

Density of sliding body

Hydrological factors

Water depth

Width of river

Topographic factors

Weighted average slope of the sliding surface
Slope angle of the opposite bank

Empirical coefficients

IWHR method coefficient

Slingerland and Voight model coefficient

Determination of Parameters for Models

Parameters for calculation of the Jiaojiayatou landslide and
surge occurring on 7th February, 2012, are provided in
Table 1. In the table, velocities at shearing outlet are cited
from Hu et al. (2012).

Calculation Results and Discussions

Calculations of Landslide Velocity When
Touching Water

Equations (1), (2) and (3) (Cited from Wang et al. 2001) are
utilized to calculate horizontal projectile motion features
including time ¢ and horizontal motion distance S, as well
as landslide velocity when touching water V5. The results are
presented in Table 2.

Table 2 shows that the horizontal motion distance calcu-
lated by variation method is very close to the real situation.
However, the distance calculated by Pan’s method covers a
too wide range to determine an accurate value. While both
ASCE recommended method and numerical simulation
underestimate the distance. Hence, variation method gives
the best calculation results with a landslide velocity of
40.32 m/s.

Symbol Value Unit
Vi 14.9-28 m/s
Vi 14.9 m/s
Vi 18.04 m/s
A\ 16.1 m/s
H 80 m

0 0 °

L 120 m
W 100 m
H, 10 m
\% 12 x 10* m’
p 1.8 g/m’
Hy, 20 m
Wy, 200 m
o 25.7 °

B 35 °

k 0.12

k; 0.1

a —1.25

b 0.71

t— Vsin@ 4 V,%sin20 + 2gH

g
S=V;-cosf-t (2)
Va=/Vi2 = 2gsin0Vy1 + 22 (3)

Calculations of Landslide-Induced Surges

Characteristic parameters of the Jiaojiayatou landslide-
induced surge, calculated by nine empirical models, are
listed in Table 3. Meanwhile, run-up height was adopted as
a verification parameter to compare calculated results and
the field survey result which would further acquire field
model verification coefficients for the nine methods.

Table 3 shows big differences among the nine methods.
Herein, the run-up height of the surge on opposite bank of
where landslide touched water is taken as the comparative
parameter. The run-up height of field investigation is 6 m.
Among the above calculated results, the models put forward
by Chow, Noda, Slingerland and Voight, Synolakis, and Hall
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Table 2 Comparisons of kinematic parameters for horizontal parabolic motion of the sliding mass

Method Time (s) Motion distance (m) V, (m/s)
Pan’s model 4.04 60.20-113.12 42.30-48.49
ASCE method 4.04 60.21 42.31
Variation method 4.04 72.89 40.32
Numerical simulation 4.04 65.05 42.75

Table 3 Characteristic parameters of the surge calculation by all models

Method Initial height of the surge (m)
ASCE method 4.04

IWHR method 19.8

Chow’s model -

Noda’s model 28.8

Slingerland and Voight’s model 163.32

Huber and Hager’s model 12.28

Synolakis’ model -

Hall and Watts’ model -

Pan’s model 20

overestimate initial height and run-up height. On the con-
trary, the other four methods, including the ASCE method,
the method recommended by Institute of Water Resources
and Hydropower Research, Huber and Hager model and
Pan’s method, estimate surge features reasonably, with
corresponding verification coefficients be 2.14, 1.92, 0.6
and 0.66.

Discussions of Calculation Results

Different assumptions lead to the big contrasts of the calcu-
lation results presented above.

The run-up height for Chow model is shown in (4),
demonstrating that Chow model is completely relying on
transforming relationship between kinetic energy and poten-
tial energy. Two assumptions for the model, on the one hand,
are no energy loss in the process of wave motion, and
immediate transformation of kinetic energy into potential
energy once surges reach river banks. According to field
investigation data, there was an extra 270 m of motion
distance outwards after the surge climbed up to the bank,
meaning very considerable kinetic energy. Hence, the calcu-
lated run-up height has very big inconsistency compared
with the real data.

\% 2
h= i (4)
h/H,, = 2.831(cot p)*(H,/H,)" > (5)
h/H, = 3.1(H,/H,)"" (6)

Calculated run-up height (m) Verification coefficient

2.8 2.14
3.13 1.92
82.94 0.07
10 0.60
36.76 0.16
35.37 0.17
9.06 0.66

The models of Synolakis and Hall and Watts are listed in
(5) and (6), where H,, is surge height at any given time. Since
the empirical coefficients in the two models were derived by
the researchers’ own model tests whose testing conditions
differed greatly from the conditions in Jiaojiaytou, the two
models overestimate run-up height.

Relatively speaking, the run-up heights calculated by the
ASCE method, the method recommended by Institute of
Water Resources and Hydropower Research, Huber and
Hager model and Pan’s method, are close to the real
recorded data. The consistencies not only reflect similar
assuming conditions for those models and Jiaojiayatou land-
slide and surge, but also confirm broad applicability of these
methods. Furthermore, to ensure enough safety and, mean-
while not to overestimate surge risks, Pan’s method is
recommended.

Conclusions

1. The results for prediction of velocity, calculated by four
methods, including Pan’s method, ASCE recommended
method, variation method and numerical simulation, are
compared with the real terrain and field investigation.
Among them, variation method provides the most reason-
able landslide velocity at the shearing outlet to calculate
velocity when landslide body touching water. The velocity
is 40.32 m/s.

2. The calculated results of the surge with nine empirical
models show that four methods, including ASCE
recommended method, the method recommended by Insti-
tute of Water Resources and Hydropower Research, Huber
and Hager model, Pan’s method, provide reasonable surge
features. The corresponding verification coefficients are
2.14,1.92, 0.6 and 0.66, respectively. Taking into account
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both safety and economy, Pan’s method is recommended
for calculation of similar surges in the future.

3. In the past, surge waves and potential disasters have been
neglected in geo-hazard prevention in the Three Gorges
area of the Yellow River. In the future, it is necessary to
incorporate surge risk evaluation into the risk manage-
ment of entire geo-hazard chains.
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Analyses of the Changes of Loess Engineering
Properties Induced by Irrigation

Wei Hu, Lifeng Zhu, Maosheng Zhang, Ying Pei, and Junbo Bi

Abstract

Irrigation has changed the original environment of loess. In the process of moistening and
saturating after irrigation, engineering properties of loess such as microstructure, physical
properties, mechanical properties and water-physical properties have been changed, which
become important conditions inducing loss due to geo-hazards. Taking Heifangtai of Gansu
province as a studied irrigation area, systematic studies were carried out on loess ranging
from in-situ tests to laboratory tests, from traditional soil mechanics to mechanics for
unsaturated soils, from microstructures to macro properties. Based on the study, the
changes of engineering properties of loess due to irrigation were revealed. The results
show that irrigation destroys the primary structures of loess with general decrease of the
total amount of voids, as well as disappearance of overhead voids. Due to irrigation, natural
water content, in-situ density and dry density all increase while natural void ratio decreases.
Collapsibility of loess decreases. The shear strength decreases dramatically. In terms of soil
mechanics for unsaturated soils, irrigation causes the increase of water content of loess and
decrease of matric suction. As a result, the strength parameters for unsaturated loess show

decreasing trends.

Keywords

Loess « Engineering geological property « Irrigation » Heifangtai

Introduction

Loess platforms, as the main agricultural areas in the Loess
Plateau in China, have little precipitation and intense
evaporation. Since the end of the Spring-and-Autumn
Period, irrigation in the loess region has lasted for over
2,400 years. Irrigation greatly increases the agricultural
yield, but on the other hand, causes loess geo-hazards
which range from collapses of platforms to a great amount
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of loess landslides at edges of platform slopes. Of these,
typical examples include the Hazards in Heifangtai in
Gansu province and Jingyang in Shaanxi province. For
instance, Heifangtai is an isolated platform which has been
cut into two halves right in the middle by Hulang Ditch, as
shown in Fig. 1. Originally, few people lived on this
platform. Since 1968 when immigrants of the Liujiaxia
reservoir project moved here, the platform has endured
more than 40 years of continuous broad irrigation. Water
infiltrates through the loess layer until it reaches the surface
of the underlying silty clay layer of which the saturated
permeability Ky is one tenth of that of the loess layer
(Fig. 2). Also the loess slopes have low discharging ability.
So the groundwater table at the bottom of the loess layer
increases gradually causing loess landslides. In general,
there are two reasons contributing to the overlapping of
loess landslides at the edges of these irrigated platforms.
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Fig. 1 Remote sensing map of Heifangtai
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Fig. 2 Typical Quaternary layers of Heifangtai

That is, irrigation not only changes the primitive hydro-
geological conditions by raising the groundwater table, but
also weakens the engineering properties of loess, leading to
the occurrences of loess collapses and loess landslides
(Lei 1995; Wang 1992; Wang and Liu 1999; Jin and Dai
2007; Long et al. 2007).

At present, there have been many researches on the
changes of hydro-geological conditions due to irrigation. In
terms of the impacts of irrigation on loess engineering
properties, the existing researches can be grouped into two
aspects, including studies concerning the structural changes
of loess due to soaking (Hu et al. 1999; Cheng 2002; Guo
et al. 2008) and discussions of mechanical properties
responses to changes of water contents of loess (Zheng and

Zhang 1989; Ueno et al. 2005; Zhang et al. 2006; Hu et al.
2005). However, the past studies only focused on one certain
aspect of the engineering properties responses of loess due to
irrigation. Problems still exist in terms of systematic
research and quantitative verification. In this paper,
Heifangtai in Gansu province is taken as an example to
study how engineering properties change due to irrigation.
Exploration wells with a depth of 15 m in both irrigated and
non-irrigated areas were excavated. In the wells loess
undisturbed samples were taken at an interval of 1 m to
conduct comparative tests and analyses of loess structures,
physical properties and deformation features. Also by
artificially controlling water content, loess strength
parameters for different water contents were measured. By
doing so, the changing mechanisms of loess engineering
properties due to irrigation were systematically revealed.
Some of the main findings of these tests are presented in
this paper.

Changes of Loess Micro-structures

The SEM images magnified for 400 times for both irrigated
and non-irrigated loess are presented in Fig. 3. Both samples
show the same overall particle shape that is single-grain-
based, supplemented by collecting particles. In terms of the
contact pattern of particles, both samples are point-contact-
based, demonstrating that the loess is highly prone to
collapse with big collapsibility even after irrigation. In
terms of the voids, both samples are based on inter-granular
pores, supplemented by overhead pores. Compared with
non-irrigated loess, irrigated loess has much fewer void
amounts.

Changes of Loess Physical Properties

Comparisons of physical index properties including specific
gravity, plastic limit and particulate component show no
evident differences between irrigated and non-irrigated
loess samples. However, other physical properties, including
natural water content, in-situ density, dry density and natural
void ratio, are greatly influenced by irrigation. The
comparative results are presented in Figs. 4, 5, 6 and 7.
Due to irrigation, the values at different depths are prone to
be even with less variation. Specifically, the averaged tested
values of natural water content, in-situ density and dry
density increase for 7 %, 0.25 gecm > and 0.14 gecm >,
respectively. On the contrary, the averaged values of natural
void ratio decrease for about 0.18.
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Fig. 3 SEM images (x400) of (a) non-irrigated loess, and (b) irrigated loess
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Changes of Loess Collapsibility

Both the absolute values and variations of loess collapsibility
are greatly reduced by irrigation, as shown in Fig. 8.
According to Code for building construction in collapsible
loess regions (China Architecture and Building Press 2004),
collapsibility of loess can be divided into four levels, non-
collapsible, slightly collapsible, moderately collapsible and
intensively collapsible. The four groups are separated by
boundary values of 0.015, 0.03 and 0.07. Compared with the
above standards, the non-irrigated loess mainly belongs to the
intensively collapsible group, while the irrigated loess is
moderately collapsible.

Changes of Loess Strength Properties

Strength of loess is mainly controlled by loess structure and
physical properties, of which water content is the most
decisive factor. Besides, irrigation mainly changes water
content of loess. Therefore, both in-situ and laboratory
studies of the irrigation impacts on loess strength were
carried out at different water contents. For in-situ shear
tests, two water contents including natural state and
saturated state were conducted. For laboratory shearing
tests, more water content levels were carried out.

Comparisons Based on In-situ Shear Tests

The testing schemes of in-situ shear tests are presented in the
paper “The method for in-situ large scale shear test of
saturated soils and its application” in this proceeding. Herein
only the test results are presented (Table 1). Compared with
strength parameters of loess in natural state, the cohesion of
loess in saturated state reduces from 44.65 kPa to 17.35 kPa,
while the internal friction angle drops from 14.18° to 11.98°.
This indicates that the main soaking impact on the in-situ
shear strength is reflected by the dramatic reduction of
cohesion.

Comparisons Based on Conventional Triaxial
Shear Tests

Taken from the non-irrigated loess well, undisturbed loess
samples were prepared with multiple levels of water
contents to carry out consolidated-undrained (CU) triaxial
tests. The relationships between shear strength parameters
of loess and water content are depicted, as shown in Fig. 9.
The results show that shear strength parameters of loess
have greater water sensitivity than that of in-situ shear
test parameters. With the increase of water content,
cohesion decreases in logarithmically, while internal friction
angle decreases linearly. Both curves have high fitting
degrees.

Comparisons Based on Suction-Controlled
Shear Tests

From the perspective of unsaturated soil mechanics,
irrigation leads to the increase of water content of loess, or
changes of matric suction. Then strength of loess changes
accordingly. The multi-functional GDS triaxial apparatus
was utilized to carry out suction-controlled shear tests of
unsaturated loess. The testing conditions are described in
Table 2. The test results are given in Figs. 10, 11, and 12.
They show that with matric suction reducing from 100 kPa
to 20 kPa, internal friction angle decreases for about 1° and
cohesion drops for about 22 kPa. One of the explanations for
the cohesion drop is that cohesion actually reflects the
comprehensive inter particle actions involving van der
Waals attraction, electrical double-layer repulsion, chemical
cementation and capillary action (Lu and Likos 2006). All of
the above actions are state variables which are closely
dependent on water content. With the increase of water
content, the overall influence of the above actions on



Analyses of the Changes of Loess Engineering Properties Induced by Irrigation 219

Table 1 Shear strength parameters of in-situ shear tests of loess

Testing condition Water content (%) Cohesion (kPa) Internal friction (degree)
In-situ shear test of loess in natural state 9.1 44.65 14.18
In-situ shear test of loess in saturated state 33.1 17.35 11.95
150 - A C/kPa - 40 300 B B _ o
o internal friction angle s=50kPa, c=25.1kPa, ¢=21.2
s 250
& 200
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= 100 =) 2150
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Fig. 9 Relationship between CU strength parameters and water con-

tent of loess

Table 2 Testing conditions of triaxial tests of unsaturated loess

Matric Pore air

suction Confining pressure

(kPa) pressure (kPa) (kPa)

20 150 50
250 50
350 50

50 100 50
150 50
250 50

100 150 100
200 100
300 100

350 s=20kPa, c=19.6kPa, $=21.0°
300

250
200
150
100

Shear stress / kPa

W
(=R}

Pore water
pressure (kPa)
30

30
30

S O O O o O

Net normal stress / kPa

0 100 200 300 400 500 600 700 800 900

Fig. 10 Mohr circle and shear strength parameters under matric suc-

tion of 20 kPa

strength weakens. This weakening effect is particularly
obvious in water sensitive loess. On the contrary, internal

friction angle represents inherent material behaviour,

making it less affected by water content.

300 s=100kPa, c=41.5kPa, p=22.3°
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Fig. 12 Mohr circle and shear strength parameters under matric suc-
tion of 100 kPa
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Fig. 13 Relationship between cohesion and matric suction

Furthermore, the relationship between cohesion and matric
suction could be drawn on the basis of the above mentioned
suction-controlled testing results (Fig. 13). From the linear
fitting curve in Fig. 13, both the effective cohesion ¢’ and the
additional friction angle contributed by matric suction ¢” can
be found. The effective cohesion ¢’ is the intercept equalling
12.91 kPa. ¢" is the slope equalling 15.6°.
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Conclusions

Irrigation has obvious impacts on loess engineering
properties, ranging from micro-structure to macro physi-
cal indices, from deformation properties to strength
parameters. Of these, strength weakening is the most
vital factor to cause frequent landslides.

1. In terms of micro-structure, irrigation mainly influences
the pore features of loess. The primary structure of loess
is destroyed. This leads to the reduction of the total
amounts of voids, which is mainly reflected by the
dramatic reduction or even disappearance of overhead
voids.

2. In terms of physical properties, irrigation has obvious
impacts on properties including natural water content,
density and void ratio. In contrast, other properties
such as specific density, plastic limit and particulate
composition are slightly affected.

3. On deformation, irrigation not only increases the
averaged values of loess collapsibility, but also reduces
the variation of collapsibility values for different depths.

4. Although having different correlations with water
content, shear strengths of soils acquired from both
in-situ and laboratory tests decreased, revealing evident
water sensitivity of loess strength.
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Deformation Behavior of Mechanically Stabilized
Earth Walls with Geocomposite Drainage Under
Seepage Condition

Avirut Chinkulkijniwat and Somjai Yubonchit

Abstract

Both external and internal stabilities are main concerns in design and construction manuals
for the mechanically stabilized earth (MSE) wall. Literature showed that the failure of the
MSE walls, especially in mountainous areas, is mainly caused by the attack of seasonal
heavy rainfall. The seepage through the MSE wall due to the rainfall causes the increase in
the lateral stress and the reduction in the effective stress, stiffness and strength of the
backfill; hence the reduction in the factors of safety against external and internal failure.
This paper investigates the flow and mechanical behaviors of the MSE wall with and
without geocomposite grain under seepage condition. The investigation is performed using
laboratory physical model tests. It is found that the water pressure significantly controls the
performance and the failure of the MSE wall. As the water pressure increases, the
settlements in the unreinforced zone increase. The failure of the MSE wall is caused by
the piping of the reinforced soil. The geocomposite drainage reduces the water pressure and
water content in the reinforced zone, hence the improvement of the stability of the MSE
wall. For the same water pressure, the MSE wall with geocomposite drainage sustains

lower settlements.

Keywords

Mechanical stabilized earth wall « Geocomposite « Drainage system

Introduction

The MSE wall can be used as an earth retaining structure
along the mountainous area. The first project in Thailand
was constructed in the Highway route no. 11 (Utaradit-
Denchai) in 2011. Several MSE wall projects along the
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mountainous area will be released from the Department of
Highways, Thailand such as in Khao Pub Pa and Lomsak.
For the design of MSE wall in the mountainous areas, the
external and internal stabilities must be confirmed.
Generally, the examination of the external and internal
stabilities can be referred to standard design manuals such
as the American Association of State Highway Transporta-
tion Officials (AASHTO) and the Federal Highway
Administration (FHWA), etc. It is worth noting that the
design condition is generally assumed that the drainage
system still functions. Shibuya et al. (2007) reported the
causes of failure of a MSE wall constructed in a mountain
in Yabu, Hyogo prefecture, Japan. The failure occurred in
2004 after the attack of typhoon. One of the causes of failure
is the inappropriate installation of the drainage system.
Shibuya et al. (2009) recommended that the geocomposite
drain with a high coefficient of permeability (10-200 times
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Fig. 1 Particle size distribution of the clean sand

higher than that of the compacted backfill) can be used as a
drain in the MSE wall. The advantage of the geocomposite
drain over the conventional material (well-graded sand) is
the high drainage capacity even under the MSE wall
movement caused by dead and live loads. Besides, the
geosynthetic drainage system is cheaper and simpler to
install than the conventional system.

Presently knowledge on the design of drainage system in
MSE wall, using geocomposite, is very limited. Rigorous
knowledge on influencing factors to drainage efficiency
would enhance the design potential. Understanding flow
mechanism in MSE wall is crucial to develop design
direction. This paper investigates the flow mechanism in the
MSE wall with and without geocomposite. The investigation
is performed using laboratory physical model tests. Results
from the tests will be useful for further parameter analysis.

Laboratory Investigation
Materials

The soil used in this investigation is a clean sand. It consists
of 10 % gravel, 87.3 % sand, and 2.7 % silt. The gradation of
the sand is presented in Fig. 1. This sand is classified as
poorly graded sand (SP), according to the Unified Soil
Classification System (USCS). Its specific gravity is 2.74.
The compaction characteristics under standard Proctor
energy are optimum water content (OWC) = 5.7 % and
maximum dry unit weight, Ygmax = 16.7 kN/m>. Shear
strength parameters of this sand at the optimum point
obtained from a large direct shear apparatus with the
diameter of 35 cm are ¢/ =0 kN/m? and ¢ = 40°.
Generally, well-graded materials are used as backfill due to
high efficiency of field compaction. The uniform sand was,
however, used in this investigation for the consistency of the
laboratory compaction for each test. Even though the tested
sand is uniformly graded but its percentages finer than 37,

a 3.60
2.40 |

0.50

Water o Water

0.10 1.20
n n
[} O m
O wn
£
=3
[ ] [eS |
o
[} [}
E O =
[i
»
]
a

1.70(WallNo.2 and 3) ‘
|

2.30,(WallNo.1) |
|

Not to scale
Unit:m

b Geotextile(No.2)

Geotextile(No.3) — Acrylic Wall

[_70.70114/ /

eM10 eM9 eM8
Unreinforcedzone Reinforcedz
oM

1.60
Eﬂ?

1.20
WallNo.2and3
1l

eM3 eM2 oM|
Sand s u
. Geotextile

o M4

Water

o0

Porousconcrete

m SurfaceSettlementPlate ® MoistureSensor

O Piezometer 1 LinearPotentionmeter

Fig. 2 Dimension of the tank and instrumentations

4.75, 0.425, 0.150, and 0.075 mm particle size and its
internal friction angle meet the specifications of the
Department of highways, Thailand.

Experimental Setup

A large scale tests were conducted in the laboratory of
Suranaree University of Technology to simulate MSE wall
under a condition of high ground water Table. A reinforce
concrete tank was built to carry out the experiment. The
Dimensions of the tank is illustrated in Fig. 2. The sand
was filled to the tank to a dimension of 1.4 x 3.6 x 1.6 m.
It was compacted in layers of about 0.15 m thickness to a
density of higher than 90 % the standard Proctor density. The
compaction was carried out by hand compactors. The degree
of compaction and water content were checked regularly at
several points by the sand cone method. Wherever the
degree of compaction was found to be inadequate, additional
compaction was done until the desired standards were met.
The wall facing was made of an acrylic plate with five layers
of steel reinforcement. The vertical and horizontal spacing
between each layer was fixed at 0.20 m and 0.25 m,
respectively. The reinforcements for all layers are 3 mm
diameter and 0.7 m length (equal to 0.8H where H is the
wall height). The reinforcement length of larger than 0.7H is
recommended by AASHTO (2002).
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Table 1 Detail of the conducted experiments

Case Wall distance (m) Upstream water level (m) Geocomposite direction (deg.)
I 24 0.2,04, 0.6 -
1T 1.7 0.2,04,0.7, 1.0 -
1 1.7 0.2,04,0.7, 1.0 90
v 0.2,04,0.7, 1.0 45
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Fig. 3 Comparison between phreatic lines for cases I and 1I

The MSE wall was extensively instrumented within the
wall and the wall facing panel. Locations of the instruments
are illustrated in Fig. 2. Three piezometers, 10 surface
settlement plates and 10 water sensors were installed to
measure the change in water levels, settlements and water
contents during seepage flow. The surface settlement plates
were installed in middle of the backfill. Settlements were
measured by a precise leveling with reference to a
benchmark. Three linear potentiometers were installed at
the wall facing panel to measure the lateral wall movement
at different points during seepage.

The ground water table during the tests was controlled by
water levels in the upstream and downstream water tanks.
The water level in the downstream water tank was kept
constant at 0.2 m height by a control weir. The water level
in the upstream tank was varied from 0.2 m height to 1.0 m
height as indicated in Table 1. Every test was begun with the
water level of 0.2 m height in the upstream tank. At every
level of upstream water, the upstream water level was kept
constant until steady state flow was arrived.

Test Results
Seepage Flow

Figure 3 shows the phreatic drawdown for different water
levels for cases I and II. The water heights behind the
unreinforced zone were 0.4 m and 0.6 m for the case I and
0.4 m and 0.7 m for the case II. The phreatic level decreases
through the wall face due to the head loss in the sandy

Distance (m)

Fig. 4 Comparison between phreatic lines for cases II and III

backfill. The distance of the wall face insignificantly affects
the phreatic level. In other word, pore pressure acting on the
wall face decreases as the distance from the water source to
the wall face increases. The advantage of the geocomposite
drainage on the reduction in water pressure in the reinforced
zone is illustrated in Fig. 4. The measured data of the water
pressure for case II (without geocomposite) are compared
with those for case III (with geocomposite). For both cases,
the distance from the water source to the wall face is the
same. The highly permeable geocomposite can collect the
water in the unreinforced zone and drain out at the wall face.
This reduces the water pressure acting on the wall face and
pore water pressure in the reinforced zone.

It is interesting to mention that the arrangement of the
geocomposite plays a significant role on the drainage
capacity. The inclined geocomposite drainage is not suitable
in terms of workability, economic and engineering points of
view. The inclined arrangement is hard in practice and uses
more drainage. It is clearly seen from Fig. 5 that the vertical
arrangement is more effective than the inclined arrangement.

Deformations

Comparisons among final surface settlements along a
longitudinal direction at a specific water level in the
upstream tank are presented in Figs. 6 to 8. Figure 6
compares settlements for case I and those for case II. It is
clearly shown that the settlements for case I are lower than
those for case II. There are two factors that induced the
difference; (1) level of water in the upstream tank and (2)
distance of the upstream water tank to the wall face. The
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water levels in the upstream water tank for cases I and II are
0.6 m and 0.7 m, respectively. Theoretically, the higher
water level provides the greater magnitude of settlement.
However, the more important factor is the distance of the
upstream water tank to the wall face. As the phreatic level
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Fig. 8 Comparison between surface settlements for cases III and IV

decreases through the wall face, the shorter distance results
the higher phreatic level at the wall face. Figure 3 shows that
when the water level in the upstream water tank is 0.7 m, the
level of the phreatic line at the wall face remains relatively
high at level of 0.3 m. The high phreatic line at the wall face
induces piping of the soil at vicinity to the wall face. The
piping later induces massive failure in the reinforced zone
and hence, there occurs a relatively large settlement in the
reinforcement zone as indicted in Fig. 6.

Figure 7 compares the surface settlements for cases Il and
III. It is shown that the drainage system works well on its
function. The surface settlements shown in Fig. 8 show that
the inclined geocomposite drainage opposes poor perfor-
mance comparing with the vertical drainage. Comparing
with the vertical drainage, the inclined drainage gives the
higher level of phreatic line inside the reinforced zone as
shown in Fig. 5 and results in the lower effective stresses
inside the reinforced zone. As such the greater magnitude of
settlements for the inclined drainage tor the vertical drainage
is observed as shown in Fig. 8.

Conclusions

A series experiments for multistep flow through the MSE
wall were conducted with and without geocomposite
drainage in the laboratory of Suranaree University of
Technology. Phreatic lines at a specific level of water
level in the upstream tank for all studied cases are
presented. It is found that geocomposite can be used as
drainage material in the drainage system in MSE wall.
Regarding to the drainage efficiency, the performance of
the vertical drainage is better than that of the inclined
drainage. Surface settlements along longitudinal
direction at a specific level of water level in the upstream
water tank are presented for all cases. The measured
settlements are consistent with the measured phreatic
lines.
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Loess Landslides Respond to Groundwater Level
Change in Heifangtai, Gansu Province

Ying Dong, MaoSheng Zhang, Jie Liu, Pingping Sun, and Jun Jia

Abstract

Change in the ground water level induced by irrigation is a vital factor to geological hazards
in Heifangtai areas. Based on the loess water system affecting the stabilities of slopes the
most, the evolutionary process of groundwater system induced by irrigation is analyzed,
and the relationship of the evolutionary process with occurrence frequency and volume of
loess landslides are analyzed comparatively. It indicates that four times sliding have
happened since people started irrigation in this area. It shows that groundwater level will
continuously go up if present irrigation volume is maintained. Loess landslides may move
repeatedly because the volume of shearing-tension plasticity areas enlarges significantly.
For this reason controlling the groundwater level can be a significant measure to protect

slopes from moving.

Keywords

Heifangtai « Groundwater « Landslide of loess « Couple analysis

Introduction

Groundwater is a vital factor to landslides. Statistics show
that 80-90 % landslides are prone to move due to water
(Derbyshire et al. 1994). More than 90 landslides are
described in detail in the Landslides in China-selected
(Derbyshire 2001), in which 95 % landslides are susceptible
to groundwater. The groundwater level rises continuously
because of irrigation, which increases self-weight of slopes
and decreases shear strength of loess. Therefore loess slopes
may be susceptible to groundwater, even cause to movement
(Derbyshire 2001; Dong et al. 2013; Lu et al. 2009; Oda
1986; Sun et al. 2013).
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This area has more than four decade irrigation history. It
began to irrigate since the year of 1968, diverting water from
the Yellow River. The groundwater level goes up continu-
ously because of irrigation, which increases self-weight of
slopes and decreases shear strength of loess. Therefore loess
slopes are susceptible to groundwater dynamic field and
stress field. Based on the loess water system affecting the
stabilities of slopes the most, the evolutionary process of
groundwater system induced by irrigation is analyzed, and
the relationship of the evolutionary process with occurrence
frequency and volume of loess landslides are analyzed com-
paratively. It can provide support for geological hazards
forecasting and comprehensive treatment.

Irrigation and Groundwater Level
Hydrogeological Condition

In this area 14 hydrogeological drills have been completed
successfully, which are located in Chenjia village, Zhuwang

village and Jiaojiaya, respectively. The geological structure
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Fig. 1 Schematic diagram of hydro-geological structure

has been identified by combining hydrogeological survey
with height measurement of a number of geological
outcrops, which consists of loess, silty clay, sand and gravel
and cretaceous sand-mud stone from top to bottom. As
tectonic structure does not exist in this study area, the
hydrogeological structure is made up of three aquifer
systems, including holes and fractured unconfined loess
aquifer, holes and sand gravel aquifer and fractured rock
aquifer (Fig. 1). The unconfined loess aquifer is the predom-
inant research object.

Irrigation History

There were no people lived in the study area. The residents
were relocated from Liujiaxia, Bapanxia and Yanguoxia
reservoirs from the 1963. At present there are four villages
with a population of 4,028, a large proportion of the areas have
been reclaimed to farmland to meet the demand of living. From
1966 to 1969, three irrigation projects have been implemented
by the local government, diverting water from the Yellow
River. The planned extracted water volume is 1.22 m>/s and
the actual extracted water volume is 2.115 m?/s. The total
irrigation area is 7.0528 km?. After the projects, it started to
broaden irrigation, which is still using today.

According to statistics, the annual extracted water volume
is 722 x 10* m® in 1980s, it was 576 x 10* m’ in 1990s.

Recently Heifangtai has become a crucial area, focused
on planting vegetables and fruits. The demand for irrigation
volume has become increasingly large because they have
planted not only wheats and corns but also vegetables and
fruit trees, which need more water. Based on the recent
survey results, there are four main canals with 7.05 km
length, and 15 branch canals with 32.84 km length. They
irrigate seven times a year, including spring irrigation, win-
ter irrigation and seedling irrigation. The irrigation volume
varies with water demand of plants and precipitation.

Groundwater Level Changing

A numerical model has been built up to analyze groundwater
dynamic field, which shows precipitation is the only

recharge source before irrigation. According to groundwater
dynamic field, simulated with steady flow, unconfined water
in loess distributes discontinuously. Groundwater almost
does not exist around the terrace except those in the lower
parts (Fig. 2).

The groundwater level rises continuously along with irri-
gation. In 1970, groundwater exists in the bottom of the
terrace, and springs were observed around the terrace. The
balance model indicates the volume of loess and fracture
springs are 230 m>/day and 185 m>/day, respectively, with a
total of 415 m*/day.

As the volume of springs becomes larger, obviously, the
storage volume becomes smaller than before (Table 1 and
Fig. 3).

As Fig. 4 shows, groundwater level increases succes-
sively from 1968 when they started to irrigate. Before irriga-
tion, it was lower than the bottom of aquifer, and the
groundwater was distributed less and only at terrace center.
Few landslides moved. After 2 years, groundwater
distributed widely and successively at the terrace. The
increased height gradually reduced along with irrigation
time and discharge.

Figure 5 shows the groundwater variation curve in the
center of the terrace. The accumulated height is about 15 m
from 1968 to 1990, with an increasing rate of 0.57 m/a. After
1990, the increasing rate is 0.25 m/a, with an accumulated
height of 20 m from 1990 to 2012.

Groundwater Level and Landslides

Since the year of 1980, sliding occurred in Heifangtai
approximately 50 times. Those slides were of mainly small
and medium size; small ones account for 53 %, medium ones
account for 35 % and large ones like cretaceous rock
landslides account for 12 %. The maximum volume is up
to 400 x 10* m>. Huangci landslides moved many times;
the accumulated volume is more than 1,000 x 10* m?.
Rockslides are featured by large volume and low speed, so
they can be technically monitored. However, loess
landslides are featured by small volume, fast speed and
long movement which are susceptible to groundwater level
and lead to more serious damage. So loess landslides are the
main subjects studied by researchers.

As shown in Fig. 6, it has a positive correlation between
groundwater level and landslides numbers. After irrigation
started in Heifangtai, the groundwater level increased con-
tinuously, with an increase of 9 m in 1980 and 20 m in 2012.
In the 1980s landslides moved once per year in average,
while in the 1990s the frequency increased to 2-3 times
per year. Likewise, it increased to 3—4 times per year, in
2007, with the maximum frequency of five times.
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Fig. 2 The development of groundwater flow field in different years

Table 1 Changes of the spring volume and storage volume

Year Spring volume (m®/day) Storage volume (m>/day)
1980 1,310.17 922.53
1990 1,723.84 528.86
2000 1,958.60 314.10
2010 2,090.27 202.43
1400 Spring Flow Storage increase 2000
1200 |~ (m/d) (w?/d)— 11800
. 41600
1000 - M . Spring Flow i 11400
800' '1200
600 Spring Flow in loess : éggo
400 ) 4600
B ?tf)rage increase 1400
20017 el ~- 19200
0 ) ) ) Time
1968 1978 1988 1998 2008

Fig. 3 Changes of water balance

The average volume of landslides decreased with an
increase in water level. In 1980s annual average volume of
landslides was 90 x 10* m3/a, which has decreased to
50 x 10* m’/a in 2000 and 28 x 10* m’/a after 2001. As
the increased water level reduced the stability of slopes,
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Fig. 4 Changes of ground water level with time

frequency of landslide increased. The slopes became gentler
after movement and potential sliding surface gradually
moved to backwards, which will be confirmed in the follow-
ing calculation.

Selecting Jiaojia No.9 landslide as an example, it moved
many times after the initiation of irrigation from 1968. Itis a
typical loess landslide which consists of loess, silty clay,
sand and gravel, and cretaceous sand-mud stone from top to
bottom. Groundwater discharges at the base of loess and
develops a multi-period and long-distance landslide. The
stability of this landslide under different water levels is
calculated using Geoslope software and Morgenstern and
Price calculation method (Fig. 7).
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Fig. 6 Statistical data of recorded landslides

During the first period (1968—1983), as irrigation started
in 1968, groundwater level went up continuously. The cal-
culated factor of safety of this typical landslide declines
from 1.3 to 1.0, showing that it is prone to movement.
During the second period (1983-1996), the slope became
gentler and stable after previous movement. However water
level went up again along with irrigation, it is prone to move
again. The back of the slope is vertical and the foot is lower.
The sliding surface move backward. The third period
(1997-2005) and the fourth period (2006-2012), the sliding
surface continue to move backward. Those movements of
this typical landslide can be attributed to increased water
level (Fig. 8).

increases continuously up to 2020. However the rate of
increment rate in different part varied. They are 0.11 m/a,
0.09 m/a, and 0.08 m/a at east, middle and west part, respec-
tively, showing maximum in the east part. The eastern part
the recharge source consists of not only precipitation and
infiltration water from irrigation but also the side flows.

Changes of the zones for shear and tension failure around
the terrace can be obtained by performing coupling model
calculations for different times. As Table 2 shows, the
volume of shearing-tension plasticity areas enlarges year
by year. The volume of shearing plasticity area will increase
by 42.46 % in 2015 and 67.36 % in 2020, compare to 2010.
The volume of tension plasticity area will increase by
107.11 % in 2015 and 121.11 % in 2020, compare to 2010.
Especially, after 2015, the volume of shearing-tension plas-
ticity areas will enlarge seriously. Overall shearing failure
can be the main reason for deformation of slopes.
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Table 2 Changes of the zones for shear and tension failure around the
terrace

2010 2015 2020
The volume of shearing 7.23E + 04 1.03E+05 1.21E + 05
plasticity area (10* m?)
The volume of tension 4.50E + 03 9.32E+ 03 9.95E + 03

plasticity area (10* m®)

Conclusion

1. In the study area, groundwater distributed discontinu-
ously before irrigation; however it overflowed at the
bottom of loess aquifer after 2 years. Groundwater level
went up successively along with irrigation.

2. The occurrence frequency and volume of landslides are
susceptible to groundwater level. The increase in water
level reduces the stability of landslides and the backsides
of the slopes move backwards continuously.

3. Under present irrigation condition in the study area, water
level rises continuously, enlarging the shearing-tension
plasticity areas enlarge. Therefore, controlling the
groundwater level is a significant measure to protect
landslides from moving.
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Part I

Application of Numerical Modeling Techniques to
Landslides



Introduction: Application of Numerical Modelling
Techniques to Landslides

Marc-André Brideau

Abstract

Numerical modelling techniques can be used in conjunction with detailed site investigation
and slope monitoring to gain a better understanding of the factors controlling the deforma-
tion or failure mechanism of a particular slope. A wide range of numerical modelling
techniques are also available to assess the post-failure behaviour of mass movements. The
numerical modelling techniques for the pre- or post-failure behaviour of a landslide can be
based on empirical relationships, continuum mechanics, or discontinuum mechanics. These
techniques have been calibrated based on numerous back-analysis of various mass move-
ment types and can now be used as a numerical laboratory to evaluate the mechanical

behaviour of landslide for a variety of scenarios.

Keywords

Numerical modelling « Analytical solution « Slope stability « Contributing factors

A wide range of numerical modelling techniques are now
available to landslide practitioners. This session focuses on
how these tools can be used to increase our knowledge of the
processes leading up to slope failures and their travel
distance once they have initiated. Numerical modelling
provides the opportunity to test competing hypotheses and
conceptual models. This session covers applications of
numerical modelling techniques to landslides and unstable
slopes in rock, soil, and mine waste materials. Nine papers
were accepted into the session for oral or poster presentation.
They present a wide range of numerical modelling
techniques applications, from fundamental research in
landslide science, to evaluating mitigation options, in the
support of civil and mining engineering design. Case studies
demonstrate how field monitoring, detailed mapping and
laboratory testing can be used in conjunction with numerical
modelling to constrain the failure and emplacement
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Earth Science Department, Simon Fraser University, Burnaby, Canada
e-mail: MBrideau@bgcengineering.ca

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2,

mechanisms. Four papers investigate the contributing and
triggering factors to the development of slope instabilities
(Agliardi and Crosta 2014; Jiang et al. 2014; Tiwari et al.
2014; Wakai et al. 2014), three papers assess the influence of
anthropogenic modification to the landscape on slope stabil-
ity conditions (Chen et al. 2014; Hu et al. 2014; Twin et al.
2014), one paper looked at a methodology for optimizing
computing resources in seismic dynamic loading analysis
(Chen and Hu 2014), while another paper look at advanced
constitutive criterion to better understand the progressive
natures of two slope failures (Frigerio et al. 2014). The
authors applied a range of one-, two- and three-dimensional
analytical solutions, limit equilibrium, finite element, and
distinct element codes to their respective projects. This
collection of papers demonstrates that a wide range of
techniques can be used to further our understanding of land-
slide hazards associated with natural and man-made slopes.
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Dwellings

Numerical Simulation on the Deformation and
Failure of the Slope Treated by Building by Cave

Chunli Chen, Kai He, and Tonglu Li

Abstract

There are a large number of cave dwellings existing in the loess area. Building houses at the
base of slope by the cave dwellings lead to the instability of numerous slopes, resulting the
loss of large number of properties. Building houses by the cave dwellings is quite popular in
the loess area, therefore, it is important to conduct stability analysis on this kind of slopes.
This article focuses on a typical slope selected in North Shaanxi, the stress and strength
variation trend on the critical slip surface for five scenarios such as the natural slope,
artificial cut slope, cave dwellings constructed on the foot of the slope, building houses by
the cave dwellings for short and long term are studied and the deformation failure
mechanism of the slopes are investigated. The result shows that construction by cave
dwellings increases the water content of loess, which changes the distribution of stress in
the middle and the foot of the slope. And finally the failure of slope occur by the cave
dwellings collapse when the sliding force at the bottom of the critical slip surface exceeds

the shear resistance.

Keywords

Loess slope « Cave dwelling « Building by cave dwellings « Moisture content changes

Introduction

Ravines are arranged in an intersecting pattern in the loess
plateau and most towns are located in the loess gullies.
Since ancient times, the local citizens developed the habit
and custom to cut slopes to build cave dwellings due to
the lack of homestead land (Ren 1989; Hou and Wang
1999; Zhang and Li 2011; Li et al. 2011). Many scholars
have carried out studies on aspects of environmental engi-
neering problems of cave dwellings, cave dwelling struc-
tural design, cave dwelling collapse mechanism etc. (Chen
et al. 1994; Lei and Wei 1998; Wu et al. 2005; Huang
et al. 2008). The recent detailed investigation on
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geological disasters indicates that with the increase in
people’s living standard in the loess area, they have
begun to abandon the cave dwellings and live in
buildings. Due to restriction by the terrain conditions,
they often build houses at the foot of slopes neighbouring
the old cave dwellings in order to maximize the limited
space. Such slopes for building houses by the cave
dwellings have extremely high potential slope stability
hazard, yet there are many similar working conditions in
the loess area region that are severely threatening life and
property safety of the households at the foot of slopes.
Therefore, it is urgent to carry out stability analysis on the
loess slopes with building by cave dwellings. This paper
selects a typical slope with buildings by cave dwellings as
the focus of the study to carry out analysis and discussion
on the deformation and failure of such slope using numer-
ical simulation.
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Fig. 1 Topographic map for the slope

Study Area Geometry and Ground Conditions

The height of the slope selected for the paper is 35 m. The
upper crest is 45° with height of 15 m and width of 12 m. The
height of the lower perpendicular slope is 20 m. There are
three cave dwellings built at the foot of the slope. Currently
there is a two-storied houses under construction on the front
of the slope with a distance from the foot of slope of 3 m.
The soil mass of the slope is Q3 loess, and the upper part of
the slope body is well covered with vegetation (Fig. 1).

Field investigation of the slope shows that construction of
the building has blocked out the sunshine. It is dimmer and
damper at the foot of the slope at the rear side of the building
than other locations. Furthermore, the cave dwellings at the
foot of the slope are mainly used for storing sundries and it is
humid inside. There are no reinforcement and drainage
measures on the slope.

Modelling and Calculating Parameter Selection

In order to predict the stability under the long-term effect of
the buildings on the front of the slope, the in situ original
loess is taken to make the soil samples humidified according
to the water ratio near the cave dwellings in the shade of the
building to measure the physical and mechanical parameters
of the loess under the natural state, the slightly wet state and
the wet state (Table 1).

In order to analyze the impact of cut slope, constructing
cave dwellings and building by cave dwellings on the stabil-
ity of the slope, three computation scenarios for natural
slope, artificial cut slope and cave dwellings constructed on
the foot of the slope are investigated based to the terrain of

actual site survey (Fig. 2). The modeling material of the
module is Q3 loess. According to field investigation results,
strength of loess with different loess moisture contents are
considered, such as the natural state, the state of the initial
period and a long-term after the building has been present in
front of the cave dwelling (Table 1). The finite element
software MIDAS/GTS is used for numerical simulation of
five working conditions: natural slope, cut slope, slope with
cave dwelling, the initial period after the cave dwellings has
been built (initial period) and long term period of time since
the building of the cave dwellings. Locating the critical
failure surface was done using the shear strength reduction
method.

Result Analysis

Factors of safety for various states of the slope are obtained
using the finite element modelling (Table 2). Results are
further analysed based on two typical sections, Section A
is in the middle of the cave dwelling and Section B is the
area between two cave dwellings. The calculated normal
stress, shear stress and shearing strength of the two cross
section to get the stress distribution on the critical slip
surface for the slope under various working conditions
(Figs. 3, 4, 5, 6, 7, where the x-axis indicate the length of
the potential slip surface along the profile direction. The
length of the most critical slip surface in Section A is as
short as 56 m due to the excavation of the cave dwelling).
It is observed from the result of the 3D finite element
modeling that the stability factor of the slope gradually
decreased with development and length of development. At
the beginning of building by cave dwellings, the stability
factor drops to 0.99 and the slope is in a critical state. Under
the state of long-term shading of the building, the slope
stability will be further decreased and tend to be unstable.
Under the natural state, stress distributions in the two
cross sections are basically the same. The normal stress
and the shear stress from above to below along the slip
surface increase constantly and the shear stress is always
lower than the shearing strength, so the slope is stable
(Fig. 3). After slope cutting, the stress on the two cross
sections is 100 kPa lower than that under the natural state.
The trends of stress variations on the two cross sections are
basically consistent. The normal stress within 10 m from the
free face is unchanged but the shear stress is slightly
decreased. This is attributed to the unloading of the free
face after excavation (Fig. 4). After cave dwelling is
excavated at the foot of slope, the normal stress and shear
stress in the middle of the critical slip surface in Section A
are kept unchanged compared to those before building
the cave dwelling. The normal stress and shear stress 15 m
from the free face are drastically reduced, indicating that
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Table 1 Physical and mechanical parameters of loess

Moisture content Unit weight Elasticity modulus Es ~ Poisson’s
Soil Sample State o (%) y(kN - m ) C(kPa) @ () (Mpa) ratio (p)
Natural slope 10.5 17 64.8 34.6 100 0.3
Slightly wet (The early stages of the ~ 15.3 18 26.9 31.9 70 0.3
building)
Wet (After building for along-term)  27.9 19 19.0 29.5 50 0.35
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Fig. 2 3D model geometries used in finite element numerical simulations

Table 2 Factors of safety for the various states of the slope
Slope state  Natural slope  Cut slope  Slope cave dwelling  Building constructed (initial period)  Building constructed (long period)

FOS 1.71 1.16 1.01 0.99 0.94
a 700 b 700
600 |
& 500 e
- v
= 400 =
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Fig. 3 Stress distribution on the critical slip surface of the natural slope. (a) Section A, (b) Section B

the soil mass is unloaded from the excavation of the cave 15 m from the free face and the growth rate is as high as
dwelling (Fig. 5a), whereas the stress on the cross section two times, which is related to the stress concentration in
between two cave dwellings changes greatly. The normal the soil mass between two cave dwellings after excavation
stress and the shear stress values increased sharply some (Fig. 5b). After constructing the building by cave dwellings,
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Fig. 6 Stress distribution on the critical slip surface after the cave dwelling is slightly wet. (a) Section A, (b) Section B

it shades the sunshine and blocks the wind, moisture content
in the soil mass increases. This increases in moisture content
in the 3D model after construction of the cave dwellings uses
the mechanical parameters under the slightly wet state
(Table 1), owning to the increasing in moisture content and
soil mass density, normal stress and shear stress of the soil
mass are slightly increased. As a results, the shearing
strength is decreased, the shear stress in the lower part of
the critical slip surface is closer to the shearing strength

(Fig. 6). The soil is thought to be getting wetter as the time
since building increases, the mechanical parameters used for
that scenario are under the wet state in Table 1. The results
show that the normal stress and shear stress in the cross
section between cave dwellings increases markedly, whereas
the shearing strength declines sharply, and the shear stress
in the middle of the critical slip surface is basically equal
to its shear strength. The shear stress on the lower part of
the critical slip surface is far higher than its shear strength
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Fig. 7 Stress distribution on the critical slip surface after the cave dwelling is wet. (a) Section A, (b) Section B

(Fig. 7). Then the slope stability factor is 0.94 and the slope
will be damaged.

Conclusions and Recommendations

With the progress of manual excavation activities, the
stability of the slope is constantly decreasing. After the
cave dwellings are constructed, the slope is in a margin-
ally stable condition. Once the dwelling is built, it blocks
the sunshine which leads to an increase in moisture con-
tent in the soil mass. With the moisture content in the soil
of the foot of the slope increasing, slope stability will be
gradually decreased and eventually it will cause the entire
slope lose stability.

Slope failure can be analysed according to stress-
strength relationship analysis for the critical slip surface
on the two typical cross-section where the destruction of
the cut slope will be started from cave dwelling collapse.
As the cave dwelling is located on the foot of the slope,
once the cave dwelling collapses, the slope will slide
down rapidly which is require personnel evacuation. As
such it is necessary to ensure stability of the cave
dwellings to in turn ensure the stability of the slope.

Based on field investigation similar slope conditions in
the loess area region are common and their stability need
great attention. It is recommended to take measures such
as proper backfilling or adding reinforcement supports for

the abandoned cave dwellings. Building by cave
dwellings shall ensure that the buildings and foot of the
slope have reasonable setback distance while taking rea-
sonable precaution to control water discharge and drain-
age measures to keep the soil mass of the slope dry to
promote the stability of this type of slope.
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Long- and Short-term Controls on the Spriana
Rockslide (Central Alps, Italy)

Federico Agliardi and Giovanni B. Crosta

Abstract

Deep-seated rockslides in alpine valleys involve huge volumes and evolve over a long time
under the action of multiple triggers. Scenario assessment and early warning systems based
on monitoring activities are often the only effective ways to mitigate related risks, and
require a sound understanding of complex interacting controls. We discuss the Spriana
rockslide, affecting the left-hand flank of Val Malenco (Italian Central Alps). Documented
rockslide activity dates back to 1912, with major acceleration stages in 1960 and
1977-1978 and later minor reactivations. The rockslide is a compound slide involving up
to 50 Mm® of slope debris and fractured rock, with a basal failure zone up to 90 m deep and
two main scarps. Rock mass characterisation based on laboratory and field analyses
provided inputs to 2D Finite-Element modelling of long-term slope evolution. The results
allowed re-evaluation of the mechanisms of the Spriana rockslide, accounting for both
long-term controls related to valley deglaciation and the short-term complexity of ground-
water response to rainfall inputs. We suggest that modelling long-term slope evolution may

be required to correctly understand large rockslides in changing geomorphic systems.

Keywords

Rockslide « Site investigation « Monitoring « Finite-Element modelling

Introduction

Complex, deep-seated rockslides in formerly glaciated valleys
frequently threaten urbanized areas and infrastructures in
alpine areas, including hydro-power plants and transportation
corridors. These rockslides show peculiar morpho-structural
and kinematic features, generally related to their scale, and are
often associated with giant, long-lasting deep-seated gravita-
tional slope deformations (Agliardi et al. 2012). These com-
plex rockslides reach up to several tens of millions cubic
meters and affect steep slopes up to 1,000 m high. This results
in a significant interplay of rock slope instabilities with large-
scale geological features (e.g. stratigraphy, folds, faults, master
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joints), acting as constraints on rockslide geometry and
kinematics.

The long history, large scale, and geometrical and
geomechanical complexity of these phenomena result in
complex onset and evolutionary mechanisms. They take
place over hundreds or thousands of years in changing geo-
morphic settings under the action of multiple triggers. These
include post-glacial debuttressing and associated rock mass
strength degradation, fluvial toe erosion, rainfall or snow-
melt and related groundwater changes, reservoir level
fluctuations, and the onset of progressive failure processes.
Forecasting the evolution of these landslides is difficult, due
to their nonlinear displacement trends and the complex
superposition of seasonal effects. Large rockslides can
exhibit accelerating creep-type behaviour, eventually lead-
ing to catastrophic failure (Crosta and Agliardi 2003; Rose
and Hungr 2007) or show viscous-type relationships
(Secondi et al. 2013) between displacement rates and
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seasonal or episodic change in external forcings (e.g. rain-
fall, snowmelt). The very different observed evolutionary
styles of large rockslides (slow vs. catastrophic, continuous
vs. episodic) depend on the observation time window, the
seasonality of external actions, and whether a critical accel-
eration stage and/or a critical cumulative displacement or
strain level are actually attained in the involved rock masses
(Bonzanigo et al. 2007).

Since different rockslide behaviours require different risk
management strategies, proper evolution models and moni-
toring parameters are required to define warning criteria.
Nevertheless, any predictive tool (e.g. mathematical models
calibrated and updated wusing field measurements,
monitoring-based empirical or analytical alert thresholds)
must rely on a sound knowledge of controls and triggers
governing rockslide onset and evolution in time. Here we
discuss the Spriana rockslide case study, and use Finite-
Element numerical modelling to integrate available data
and provide an evolutionary model accounting for the
complex interplay of long-term and short-term controls on
slope evolution.

The Spriana Rockslide

The Spriana rockslide (Fig. 1) affects a steep slope on the
left-hand flank of the Val Malenco (Valtellina, Italian
Central Alps), a few kilometres north of Sondrio. The
slope was carved by glacial erosion in strongly deformed
granitic to granodioritic gneisses and epidote-amphibole
schists and calcschists, belonging to the “Monte Canale”
tectono-metamorphic unit (Austroalpine Bernina nappe).
The rocks underwent greenschist facies metamorphism and
severe ductile deformation during the Variscan orogeny,
with a minor Alpine metamorphic overprint within low-
grade shear zones along unit margins (Trommsdorf et al.
2005).

The rockslide extends from 550 m a.s.l. up to 1,400 m a.s.
1. over an area of about 0.5 km? (Fig. 2). Although slope
instability of the lower slope sector had already been men-
tioned in 1878, the first well documented evidence of land-
slide activity dates back to 1912, when a shallow
hydroelectric derivation tunnel (Figs. 1 and 2) came into
operation and two springs appeared below the village of
Cucchi. Between 1912 and 1927, shallow landslides involv-
ing scree and glacial deposits were triggered by heavy rain-
fall, although the southern segment of the tunnel had been
moved deeper into the slope. In autumn 1960, during excep-
tionally long-lasting rainfall, global slope instability
retrogressed upslope to 1,160 m a.s.l., causing the evacua-
tion of the villages of Cucchi and Case Piazzo. The rockslide
underwent further major acceleration stages during the sum-
mers of 1977 and 1978, when the upper scarp appeared at
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Fig. 1 Rockslide location (fop), and view and main features (bottom)

1,400 m a.s.l. (Fig. 1). Then, the possibility of massive
catastrophic slope failure threatening the Sondrio urban
area motivated extensive geotechnical site investigation
and slope monitoring activities, carried out in 1978 (Cancelli
1980) and 1989 (Belloni and Gandolfo 1997). Site
investigations included 20 boreholes with complete core
logging, a 150 m long horizontal exploratory adit at
1,040 m a.s.l. near the Case Piazzo village (Figs. 1 and 2),
and 5 refraction seismic lines. A monitoring network was
also progressively installed and automated, including
piezometers (standpipe and multipoint cells), borehole
inclinometers, surface wire extensometers, a topographic
network made of optical reflectors, hydro-meteorological
stations, and a chain of six wire extensometers installed
within the exploratory adit (locations of measuring devices
considered in this paper are shown in Figs. 1 and 2).

We re-analysed site investigation and monitoring data
collected since 1978 (Fig. 2), previously reviewed by
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Fig. 2 Geological model of the Spriana rockslide, derived by the
integration of available investigation data. The locations of selected
monitoring devices providing data in Figs. 5 and 6 are also shown

Belloni and Gandolfo (1997). According to available infor-
mation, the Spriana rockslide has been interpreted as a
compound slide (i.e. mixed translational-rotational) involv-
ing up to 50 Mm? of slope debris and fractured rock with a
basal failure zone 60-90 m deep, potentially daylighting at
about 700 m a.s.l. (i.e. 150 m above the valley floor). The
development of main scarps at 1,160 m and 1,400 m in
successive stages (1960 and 1978, respectively) and the
discovery of an older (post-Last Glacial Maximum) scarp
above 1,600 m (Fig. 1) support the hypothesis of progressive
slope failure over a long time.

Below the lower scarp, the instability affects both slope
deposits up to 3040 m thick and the underlying rocks,
whereas in the upper part of the slope fractured rock masses
are mainly affected. The bedrock is made of gneiss, classified
according to the Rock Quality Designation (RQD) rating into
“undisturbed” (RQD > 90), “fractured” (50 < RQD < 90),
“heavily fractured” (with preserved texture; RQD close to 0),
and “disintegrated” (Belloni and Gandolfo 1997).

Correlating disintegrated gneiss layers and surface
features allowed us to infer the geometry of the main failure
zones (Fig. 2). Borehole inclinometer data revealed minor,
shallower sliding zones occurring inside the sliding rock
mass and at the slope debris-bedrock interface (12-35 m in
depth). Thick bands of disintegrated, highly weathered
gneiss and silty-sandy gouge dipping to the WSW were
also observed and sampled in the exploratory adit at the
inferred location of the rockslide main failure zone

(E102, E105 and E106 wire extensometers; exploratory adit hosting a
chain of six wire extensometers; PZ106 piezometer)

(Fig. 2). These bands roughly follow structural lineaments
(i.e. faults, master fractures) observed at the slope scale, and
could either represent breccia and gouge materials associated
with the gravitational reactivation of pre-existing fractures or
the products of severe weathering along major discontinuities,
as suggested by the local preservation of pre-existing fabric
(i.e. foliation, folds). Heavily fractured gneissic rock masses
were found well below the inferred rockslide basal zone up to
depths exceeding 120 m, suggesting that weak/disturbed rock
masses existed before rockslide onset. Groundwater data
derived from borehole drilling records and piezometers sug-
gest that a perched water table, connecting to a deep one near
the slope toe and characterised by average annual fluctuations
in the range 1-1.5 m, occurs within this near-surface fractured
zone (Fig. 2).

While early observations and sparse topographic surveys
carried out since 1963 allowed the detection of only major
rockslide events, systematic displacement measurements
deployed since 1978 (topographic only; low measurement
frequency) and 1990 (automatic monitoring network
operated by ARPA Lombardia) provided time series for
quantitative analysis.

Monitoring data revealed continuing, slow rockslide
movements (average rates: 0.4-3 cm/a), with sudden accel-
eration stages (1977, 300 cm/a; 1993, 9.7 cm/a; 1996, 20 cm/
a; 2001, 14 cm/a). This has been confirmed by PS-InSAR
satellite interferometry (TRE s.r.l.-Regione Lombardia),
providing average displacement rates of 0.5-2.5 cm/a since
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1990. Significant rockslide activity continued after the
hydroelectric derivation tunnel had been waterproofed in
early 1978, suggesting that water leakage may have
contributed to, but not dominated global slope instability.
Cumulative rockslide displacement had exceeded 2 m in
1977-1978 and reached 5 m in the 1977-2007 period. This
correspond to a total deformation (AL/L; where L is total
landslide length) of about 0.4 %, although morphological
evidence (post-Last Glacial Maximum scarp, Fig. 1)
suggests that much higher deformation had been
accumulated by the slope over the long term. The Spriana
slope deformation is thus close to critical conditions, posing
significant risk despite a low-rate of activity.

Long-term Slope Evolution: Numerical
Modelling

Rock Mass Characterisation

We carried out an extensive geomechanical characterisation
of intact rock and rock masses by laboratory testing, core
logging, and field surveys, in order to obtain well-
constrained inputs to numerical modelling. More than 60
intact rock samples were obtained from rock cores drilled
in the rockslide area, and tested under uniaxial compression,
triaxial compression, and indirect tension conditions
(Brazilian tests). Laboratory tests allowed reconstruction of
the stress—strain behaviour and main mechanical properties
of the intact rock, as well as the observation of the fracture
geometry and patterns of the tested samples. Intact rock
revealed quite low and scattered values of unconfined com-
pressive strength and Young’s modulus, and was classified
as medium-low strength rock with an average modulus ratio
(i.e. Et50/UCS) of about 400.

The rock mass was then characterised by geomechanical
logging of available drill cores, allowing classification of
the rock masses in terms of Geological Strength Index,
from which equivalent Mohr-Coulomb ¢’ and ¢’ and rock
mass deformation moduli were derived as inputs for
numerical modelling (Table 1).

Finite-Element Modelling: Effects of
Deglaciation on Slope Evolution

In order to gain further insights in the factors controlling long-
term slope evolution, we performed 2D continuum Finite-
Element numerical modelling using the commercial code
Phase2™ (Rocscience Inc.). Preliminary simulations showed
that considering a two-layer slope model, accounting for the
“fractured” gneiss observed in the borehole record below the
rockslide basal failure zone (Fig. 2), is required to obtain

Table 1 Rock mass properties used in finite-element modelling

Undisturbed Damaged
Rock mass property rock mass rock mass
Intact rock UCS (MPa) 60
Intact rock Et50 (MPa) 23000
Geological Strength Index 58 47
Rock mass cohesion (kPa) 410 260
Rock mass friction angle (°) 37 31

model results (i.e. strain localisation and displacement
patterns) consistent with observed rockslide features.
We attempted to support the hypothesis that a near-surface
fractured gneiss layer existed before rockslide onset
(and controlled its geometry and mechanism) by setting up
a multistage Finite-Element model of the deglaciation
sequence following the Last Glacial Maximum. Model
results (Fig. 3) suggest that post-Last Glacial Maximum
slope debuttressing caused significant tensile and shear
rock mass damage, affecting the slope up to 150 m in
depth (Fig. 3). This may have resulted in enhanced fractur-
ing, strength degradation and increased hydraulic conductiv-
ity in a superficial layer whose extent is fully consistent with
available investigation data.

Finite-Element Shear Strength Reduction
Stability Analysis: Rockslide Mechanism

We performed 2D slope stability analyses based on the two-
layer slope model discussed above, using the Finite-Element-
SSR (Shear Strength Reduction) technique. This allows com-
puting a Finite-Element-based “safety factor” of the slope by
scaling material properties according to a “Stress Reduction
Factor”. Associated stress and displacement fields provide
insight on slope failure mechanism (Fig. 4). Results showed
that unstable conditions (SRF = 0.86) are reached inside the
upper slope layer when a perched water table matching critical
conditions suggested by monitoring data exists. We validated
the results using investigation and field constraints, i.e.
rockslide depth, basal shear zone geometry, daylighting loca-
tion, and displacement patterns. Strain localisation up to the
post-Last Glacial Maximum scarp mapped at about 1,700 m
supports the idea that the Spriana rockslide is part of a larger,
earlier instability started after deglaciation.

Short-term Rockslide Triggering: Monitoring
Data

Data provided since 1990 by the monitoring network
allowed exploring the rockslide response (Figs. 5 and 6) to
external triggers (rainfall, snowmelt).
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Rockslide acceleration periods show strong seasonality
(Fig. 5). They generally start during rainy periods and can
last few weeks to several months (Fig. 6). Despite difficulties
related to time lags of rockslide response and “noisy” time
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Fig. 4 Stability analysis performed using the FEM shear strength
reduction method (SRF = 0.86). (a) maximum shear strain, showing
the onset of a localised basal shear band; (b) total computed
displacements, fitting the geometry of the Spriana rockslide and the
magnitude of displacements observed in 2001

series due to low displacement rates, the analysis of rainfall
and displacement data since 1990 provided interesting insights.
Despite a weak positive correlation between short-term
(daily) rainfall and rockslide displacement rates, significant
accelerating periods (e.g. 1993, 1996, 2001, 2003) were
related to prolonged rainfall, e.g. 7-day rainfall >150 mm
or 30-day rainfall >300 mm.

The aforementioned observations suggest that a certain
amount of groundwater recharge in the near-surface frac-
tured layer must be attained for significant rockslide
accelerations to occur. Figure 6 clearly illustrates this
behaviour for the 2000-2001 period. In spring 2000, rainfall
and snowmelt caused a water table rise <2 m in the middle-
lower slope sector, resulting in a short acceleration period
and minor displacements. Instead, intense and prolonged
rainfall during the autumn 2000 flooding event resulting in
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locations in Fig. 2)

a water table rise exceeding 3 m (probably also sustained by
snowmelt during the following spring), leading to 7 months
of rockslide velocity increase and cumulative rockslide
displacements of up to 100 mm.

Conclusions

We re-interpreted the evolution of the Spriana rockslide,
accounting for the role and interplay of different controls,
namely: 1) long-term morpho-climatic evolution, includ-
ing post-Last Glacial Maximum deglaciation and
associated rock mass degradation, which possibly led to
an embryonic “pre-Spriana” rockslide; 2) short-term
response of rockslide activity to complex rainfall
patterns, affecting groundwater conditions in fractured
bedrock. The combination of these factors introduces
significant uncertainties in the analysis of complex
rockslides, evolving over timescales of 10%-10° years in
complex geological settings and in changing geomorpho-
logical systems. These need to be taken into account
when setting up evolution models for rockslide prediction
and early warning systems.
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Engineering Geology and Numerical Modelling
of a Steep Rock Slope for the Ensi-Qianjiang
Expressway, China

Xiuwen Hu, Doug Stead, Longxiang Zhai, Hongyan Jin, and Dezhi Kong

Abstract

This paper describes the site investigation and engineering geological characterization of
steep engineered rock slopes at the site of a major 280 m single span arch bridge. The rock
slopes comprised predominantly carbonaceous limestone with reduced rock mass quality
due to the influence of faulting and shearing. The carbonaceous limestone occurs as
lenticular bodies with smooth, tectonically disturbed, variably dipping (37°-57°) bedding
planes. The rock slope was excavated to a total height of 90 m, including a bridge
foundation excavation depth of 30 m and a final permanent engineered slope height of
60 m. The engineered rock slope was excavated at 60°-90° and the natural rock slope is
between 50° and 70°. Construction of the bridge foundation required the excavation of
three rock slopes, two perpendicular to bedding and one parallel to the strike of the bedding.
In the two rock slopes excavated perpendicular to bedding, one exhibited potential bedding
plane controlled failure and the other potential toppling instability. The intact rock
properties were characterized using laboratory testing and selected discontinuities tested
in direct shear. Using the derived properties and the results of the engineering geological

X. Hu ()

Department of Engineering Geology and Geotechnical Engineering,
China University of Geosciences, No. 388 Lumo Road, Wuhan 430074,
China

Department of Earth Sciences, Simon Fraser University, Vancouver,
Canada, V5A 1S6
e-mail: goodhxw@cug.edu.cn

D. Stead

Department of Earth Sciences, Simon Fraser University, Vancouver,
Canada, V5A 1S6

e-mail: dstead@sfu.ca

L. Zhai « D. Kong

Department of Engineering Geology and Geotechnical Engineering,
China University of Geosciences, No. 388 Lumo Road, Wuhan 430074,
China

China Highway Engineering Consulting Corporation, Wuhan, China

H. Jin
The 5th Engineering Co., Ltd., China Railway Major Bridge
Engineering Group, Jiujiang, China

K. Sassa et al. (eds.), Landslide Science for a Safer Geoenvironment, Vol. 2, 251
DOI 10.1007/978-3-319-05050-8_40, © Springer International Publishing Switzerland 2014


mailto:goodhxw@cug.edu.cn
mailto:dstead@sfu.ca

252

X. Hu et al.

mapping numerical modelling was undertaken using a discontinuum model, (UDEC). The
deformation of the rock mass during the stages of excavation was simulated and the results
used to develop plans for safe construction and reinforcement of the rock slopes.

Keywords

Rock slope stability « Engineering geology « Bridge abutment foundation « Discontinuum

modelling

Introduction

Rock slope deformation and failure modes in bedded slopes
are frequently controlled by the spatial relationship between
the bedding planes, joints and faults and the rock slope.
From research on natural rock slopes in the Canadian
Rockies and in order to evaluate high mountain slope
stability Cruden (2000, 2003) divided stratified rock slopes
into cataclinal slopes, subdivided into overdip, underdip and
dip slopes, and anaclinal slopes.

The rock mass structure of a natural slope is sometimes
very complex and subject to a high degree of uncertainty
with new rock slope structures often appearing during
excavation. The combination of discontinuities in a stratified
rock slope and the slope topography determines the mode
of deformation, failure mechanism and the degree of
instability. A good geological slope model is thus
fundamental to accurate assessment of potential slope
deformation and failure. As slope excavation can expose
many important geological features site investigation during
this stage is extremely important in order to collect rock
mass geological information and build a reliable geological
model with reduced uncertainty.

The construction of an accurate slope geological model is
particularly important in order to ensure realistic numerical
modelling. There are currently available numerous types of
two and three-dimensional numerical codes which can be
used to simulate rock slope deformation and failure. The
choice of the numerical method is strongly influenced by
slope geological model and it is important to realise the
limitations and advantages of specific numerical methods.
The two-dimensional distinct element code, UDEC is for
example well suited to rock slopes controlled by
discontinuities (Stead and Coggan 2012; Stead et al. 2006).

Engineering Background

The Longgiao arch bridge is located in Hubei Province,
China and was a key project in the construction of Ensi-
Qianjiang expressway. It was constructed of steel sections
and reinforced concrete with a major 280 m single span and

adjoining spans crossing a 213 m deep valley. The bridge is
approximately perpendicular to the valley with an axis of
orientation of 236°, Fig. 1. The bridge loading was designed
to be transferred to the slope rock mass through an arch
abutment foundation. The study area for this paper is the
No.5 arch abutment slope on the Qianjiang bank of the
valley. The upper-natural slope angle is 25° with mid and
lower-slope angles of between 50° to 70°. Due to excavation
for the abutment foundation for the No.5 arch abutment,
three deep and 60°-90° steep engineered slopes were
formed. The SW slope, parallel to the axis of Longgiao
Bridge, was excavated to a total height of over 90 m and
the SE-NW slopes to a height of 75 m. During slope
excavation, the SW rock slope was excavated in five stages
in order to reduce stress concentrations in the slope and at
same time to allow slope reinforcement by a combination of
cable anchors, rock mesh and shotcrete at each excavation
level. The arch abutment foundation basement is 22 m long
and 6.5 m wide. When it had been excavated to an elevation
of 943 m, the SE upper slope slid down along bedding
planes. When the excavation reached an elevation of
919.66 m, two cracks of about 11.5 m and 7 m in length
occurred in the NW mid- and lower-slopes. In this paper, the
SE-NW slope deformation and stability is studied using
UDEC models. The analysis of SW rock slope stability is
not presented due to the limit of the paper length.

Engineering Geology and Site Investigation
Lithology

The slope rock mass consists predominantly of medium to
thickly bedded carbonaceous limestone with abundant
carbonaceous content and calcite veining, carbon shale and
limestone. The carbonaceous limestone enclosed by the
black solid line in Fig. 1 contains significantly more
carbonaceous shale. The strength of the carbonaceous
limestone and shale are low due to the presence of abundant
carbonaceous material. The carbonaceous materials weather
rapidly and become weak due to the action of water.
Limestone is found to the right of the black solid line near
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Fig. 1 Engineering geological map of the No.5 arch abutment slope for Longgiao arch bridge, Ensi-Qianjiang expressway, Hubei Province, China

the anchor foundation pit and the north tower crane pit.
Highly weathered shale with a high carbonaceous content
and calcite veins of 0.10-0.15 m width exist at an elevation
of 943 m in the arch abutment foundation pit.

Geological Structures

The rock strata have been deformed due to the folding
(Fig. 2). Bedding planes are smooth, striated and coated
with calcite veneers due to the strong folding and shearing
action. Ground investigation showed that bedding
orientations varies with a dip of 37°-57° and dip directions
of 310°-337°. The bedding plane spacing is 0.30-2.00 m.
Two joint sets are present with orientations (dip/dip
direction) of 53°/135° and 84°/59° respectively, a
persistence of 1-2 m and a spacing of 1-2 m. A set of
unloading cracks were observed. When the arch abutment
pit had been excavated to an elevation of 943 m, the
orientations of the bedding planes were measured with a
dip/dip direction of 34°-70° to 320°-345°.

A crushed and sheared zone is located within the blue
solid line shown in Fig. 1. A smooth and striated fault is
exposed in the south tower crane pit shown in Fig. 1 and is
infilled with black rocky debris and clay of about 1-10 cm
thickness and coated with a veneer of calcite. The layer of
black rocky debris and clay disintegrates to a “slimes”
consistency in contact with water. Many well developed
lens shaped bodies composed of carbonaceous limestone
and shale were found in the hanging wall of the fault

Fig. 2 Observed rock mass structures in the natural slope at the
location of the No.5 arch abutment of Longqiao Bridge. Bedding planes
show varying orientation. Natural slope height is 213 m

indicating that the slope rock mass had been subjected to
intense crushing and shearing due to tectonism. These lens
shaped bodies (Fig. 3) with strike directions of 227°-236°
are sub-parallel to the strike of the bedding planes, tightly
juxtaposed with each other, upright in attitude and coated
with a calcite veneer. They exhibit smooth surfaces with
vertical striations and contain abundant carbonaceous
content. The thickness of each lenticular body is about
0.10-0.30 m (up to 1.00 m) with a height of over 1.6 m.
The core of the lens is made of limestone. Fresh carbona-
ceous limestone lenses of rock are easily broken when
disturbed and rapidly become soft in contact with rainfall.
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Fig. 3 Cross sectional view of lens-shaped bodies exposed within the
southern tower crane pit

Slope Geological Models

The relationship between the bedding planes, joint sets and
the two excavated rock slope surfaces are illustrated in
Fig. 4, which shows that the SE and NW slopes are an
overdip slope and an anaclinal slope.

After consideration of the spatial relationships between
the bedding planes, the two joint sets, the unloading cracks
and the excavated rock slopes, geological models of the SE
and NW rock slopes are developed and the geological
sections constructed as shown in Fig. 5. The SE and NW
rock slopes are an overdip slope and an anaclinal rock slope
respectively according to the terminology of Cruden (2000),
Fig. 5. The deformations and stability of these slopes are
controlled mainly by the bedding plane properties.

Physical and Mechanical Properties

It is often extremely difficultly to obtain representative
accurate physical and mechanical properties of
discontinuities such as bedding planes, joints and lens
surface and the intact rock properties of the carbonaceous

Joint 2

Bedding plane Joint 1

Joint 2

Joint 1

S

Fig. 4 Spatial relationship between the bedding planes, joints and the
rock slope. A is the SE slope and B is the NW slope

limestone, limestone and lens rock. In this paper, uniaxial
compression tests were undertaken on 50 mm diameter,
100 mm high samples of intact carbonaceous limestone to
determine the physical and mechanical properties. Direct
shear tests were conducted on 100 mm x 100 mm samples
of the lens rock surface. The cohesion and friction angle of
the lens surface are 101 kPa and 24°. Based on the slide
failure of the SE upper slope, back-analysis using the
method of Ren et al. (2010) produced bedding plane
cohesion and friction angles of 40.7 kPa and 22°
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Fig. 5 Rock slope geological model

Table 1 Physical and mechanical parameters of rocks for UDEC modeling

Shear strength

Density (kg/ Tensile strength

Rock type m’) (MPa) ©)
Limestone 2,710 8.0 43
Carbonaceous 2,645 5.3 37.1
limestone

Lens rock 2,510 2.2 28

Table 2 Mechanical parameters of discontinuities

Type Friction angle (°) Cohesion (kPa)
Bedding plane 20 30
Lens surface 22 41
Joints 30 340

respectively. The physical and mechanical properties of the
limestone and lens rock were determined according to
methods outlined in rock mass mechanics (Liu and Tang
1999).

Based on the results of laboratory testing, back-analysis
and reference to the published literature (Liu and Tang 1999;
Xu et al. 1991), the physical and mechanical parameters of
the slope rock mass and the discontinuities properties are
presented in Tables 1 and 2 and were assumed for UDEC
modelling.

Friction angle

Cohesion Bulk modulus Shear modulus
(MPa) (GPa) (GPa)

16 20 12

10.6 7.81 3.46

3.5 2.81 1.3

Normal stiffness (GPa/m) Shear stiffness (GPa/m)

1.13 0.95
0.713 0.498
2 1

Discontinuum Modeling Using UDEC

The slope deformation, failure mechanism and stability of
the SE and NW rock slopes including the steep overdip and
anaclinal slopes shown in Fig. 5 are mainly controlled by
bedding planes as the intersection angle between the dip
directions of the slope and bedding planes are about 10°.
The joints and unloading cracks also have some influence on
the slope deformation. The UDEC models are used to
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Fig. 7 Sliding failure of the SE slope occurred along a bedding plane
when the arch abutment foundation pit had been excavated to an
elevation level of 943 m.

analyse the slope deformation and changes in stability dur-
ing the slope and foundation excavation construction,
specifically when the excavation depth has reached
elevations of 943 m and 919.66 m, respectively.

Figure 6 shows that sliding failure of the overdip slope
is simulated along the bedding planes after the slope has
been excavated to elevation of 943 m, in agreement with
the site observation shown in Fig. 7. If the overdip slope
is not reinforced, the zone of failure will increase with
increasing pit excavation depth. Figure 6d also clearly
shows the tensile stress concentration zone occurring
along the bedding plane in the mid and lower sections of
the anaclinal slope when the excavation has reached an
elevation of 919.66 m. This agrees with the field
observations of 11.5 m and 7 m long tension cracks
along bedding plane in the NW slope at elevations of
925.663 m and 931.663 m, respectively, Fig. 8.

Fig. 8 Rock slope deformation and failure due to excavation of the
No.5 arch abutment foundation pit. (a) The SE slope slid along bedding
planes and the NW slope showed minor flexural toppling on bedding
when the excavation had reached elevations of 943 m and 919.663 m,
respectively. Tension cracks 1 and 2 opened along bedding planes at

elevations of 931.663 m and 925.663 m, respectively. (b) Tension crack
1, length along slope over 7 m, maximum width of about 5 cm and trace
length over 5 m; separation along a bedding plane. (¢) Tension crack 2,
length along slope over 11.5 m, maximum width of 10 cm and trace
length of over 25 m; separation along a bedding plane
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Conclusion

Engineering  geological site investigations during
excavation of a high and steep slope rock mass for the
No.5 arch abutment of Longqiao major arch bridge have
been carried out. The engineered slope rock mass was
shown to have a complex geological structure including
variably oriented bedding planes, a fault, lens shaped
bodies, joint sets and unloading cracks. Three different
rock slope structures were recognized including an overdip
slope, an anaclinal slope and a transverse slope. Different
slope deformational modes occur mainly due to spatial
interaction of the discontinuities and the excavated rock
slope surfaces.

Discontinuum UDEC numerical modelling was used to
analyse the slope deformation and mechanism of the two
rock slopes as they were excavated to different elevations.
The modelling results showed very good agreement with
the actual observed rock slope deformation.
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Determination of the Effective Computing Region for
Rock Slope Stability Based on Seismic Wave Theory

Chen Zhenlin and Hu Xiao

Abstract

In order to detect the initiation of a rockslide efficiently, FEM and BEM numerical methods
are employed to analyze the dynamic response of a slope. The boundary condition
(effective computing region) should be selected carefully to maximize both the computa-
tional efficiency and precision of the model. The effective computing region can be
determined based on the tension damage criterion and the principle of dynamic responses.
The seismic wave theory is employed to solve the dynamic response, detect the
initialization of cracks and establish the critical sliding zone (comprising all potential
sliding surfaces). The relationship between the location of the sliding surface and the
excitation frequency, is also investigated. The focus of this study to identify the effective
computing region and to discuss the sliding fracture that occurs in the region based on the
seismic theory analysis. The shaking table model results and the time-history analysis of

displacement vectors are adopted for investigating the reliability of theoretical analysis.

Keywords

Landslide » Effective computing region « Seismic wave theory

Introduction

The stability analysis of slopes is always an important aspect
in slope engineering and seismic prospecting. Normally, the
distribution principle of the dynamic response of a complete
slope is difficult to determine and the associated computa-
tional costs are very high when the seismic wave theory is
employed. It is important to choose a suitable computing
region in slope stability analysis when a theory analysis
method or a numerical simulation method is employed.
The vertical ground motions may have the greatest
influence on the displacements induced by seismic activity.

C. Zhenlin (2<)
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China

e-mail: hustchzl@hotmail.com

H. Xiao
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The influence of the shape and slope reinforced measures on
seismic response is normally investigated in large-scale
shaking table model tests (Wu et al. 2008; Xu et al. 2008;
Lin and Wang 2006). These experiments show that the
resonance frequency of such a model will decrease after
repetitive vibration. At the same time, the seismic accelera-
tion of the soil of the model shows a larger amplification. In
general, the acceleration response was employed to analyze
the stability of a slope. In some earthquake-induced
landslides, especially near-field cases, the vertical accelera-
tion is found to be a relevant factor affecting landslide
initiation (Ingles et al. 20006).

In recent years, various procedures (Duncan and Wright
2005) (numerical simulation methods and theoretical analy-
sis methods) have become available for stability analysis,
using the magnitude of Peak Ground Acceleration (PGA) at
a specific site. The PGA can be included in the deformation
analysis using Newmark stick—slip sliding block analysis
(Yan et al. 1996), pseudo-static (PS) analysis (Newmark
1965; Hong et al. 2005), or the finite element method
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(FEM) (Tang and Shao 2004). The development of the
method-of-slices for identifying the critical failure surface
that corresponding to the minimum factor of safety (Malkawi
et al. 2001; Zolfaghari et al. 2005). The theory of seismic wave
propagation and attenuation has become increasingly popular
in solving seismic slope stability problems (Yang et al. 2007,
Gulyayev and Ivanchenko 2006).

Later, the research (Li and Ma 2009; Li et al. 2011a, b)
employed the principle of conservation of momentum and
the discontinuous displacement conditions along a rock joint
to investigate the interaction of an obliquely incident P- or
S-wave with a rock joint. A fractal damage joint model
(Zhao et al. 2008; Li et al. 2011a, b) was developed based
on the fractal damage theory, and the analytical solution for
the transfer (transmission or reflection) coefficients of stress
waves across joints. The interaction between blast waves
with arbitrary impinging angles and a rock joint are analyzed
in detail in the study by Li and Ma (2010).

The focus of the current research is on getting the
dynamic response, not on selecting the effective computing
region. If the area of the computing region is too large, the
computational cost will be very high, while if the area is
small the computational accuracy will be reduced. Hence,
after the region is determined, the slope stability characters
could be obtained efficiently and accurately by analyzing the
dynamic responses of the region in a rock slope. In view of
these premises, this paper has been structured around the
following objectives:

1. To determine the effective computing region for studying
the slope stability based on the theory of seismic wave
propagation.

2. To detect the failure initiation and determine the potential
sliding surfaces efficiently and accurately by theoretical
simulations in the computing region.

Characteristics of Seismic Wave Propagation

The following two assumptions should be considered for our
theoretical analyses: (1) The slope is homogeneous and
isotropic; (2) The seismic wave is a plane wave.

When a plane wave of either P- or S-type impinges on a
free surface, reflection takes place as described in Fig. 1. The
positive direction of displacement of the S-wave follows
the “right-hand rule”. According to the Snell’s law, we
have (see Fig 1):

2(1 —v)

Vi W

sina, sinf, ¢,
sina,  sin By T
where v is the Poisson’s ratio of the reflecting rock. The
reflection coefficients could be obtained by the analysis
(Wang 2005).

Free surface

~=----  S-wave

P-wave;

Fig. 1 Seismic wave propagation models on a free surface

Establishment of the Effective Computing
Region

In this paper, the method used by Li and Ma (2010) to study
the stress on joint elements under seismic waves is extended
to analyze the stress state of internal elements of the slope
crest. The potentially critical slip surfaces in the effective
computing region could be detected based on the theory of
seismic wave propagation. More details are given in follow-
ing subsections.

According to the theory analysis from Li and Ma (2010),
when the seismic wave rays run through an infinite small
element (ABCD) on a crest as depicted in Fig. 2, the stress
state of the element (ABCD) can be portrayed as:

1. Under incident P-Wave

The stresses on the line AB of the element ABCD can be

expressed as:

6 = pCyVip ﬁ + 2sin %,
(2)

v
—— +2sin 2ﬂs — PCsVRs SIN 2,

—PCpVR
pPrLp 1—v

T = —2pC,Vyp Sin 2Bctg ap 3)
—2pc,Vrp SIn2ctg a — pcsvrs €0s 2,

where v;,, Vg, and vg, are the particle velocities of the
incident P wave, the reflected P-wave and reflected
S-wave, respectively, and p is the density of the intact rock.
2. Under incident S-Wave

When the S-wave impinges the surface on the line AB of
the element ABCD:

0 = pCgVis SN 205 — pCpVRy (i + 2sin zﬂs)

— pCgVRs SIN2f3; (4)

T = —pPCsVis COS 20, — 2pCy VR, SIN 2,Bxctg ap
— PCyVRs COS 23, (5)
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Fig. 3 The slope model 1 before the test (the /eft part is the limestone
slope and the right part is the mudstone slope)

The initialization of fracturing is controlled by tensile
stresses, (2) and (4) could be employed to detect the critical
dangerous point on the slope crest.

Validation of the Effective Computing Region

In order to investigate the validity and reliability of the
theoretical simulation of the effective computing region, a
homogeneous rock slope was considered. The slope geome-
try is shown in Fig. 3 with a height of 1.7 m, a width of
1.5 m, a length of 1.65 m and a slope angle of 60°. The
material properties were obtained from laboratory tests. The
modulus, Poisson ratio, frictional angle and cohesive
strength of mudstone slope model is 15.2 MPa, 0.3, 35°
and 0.3 MPa, respectively. The scaling factor A (A = 100)
is the linear ratio between the prototype and the model. A
sinusoidal acceleration with a frequency of (5-15 Hz) and a
peak acceleration of (0.1 g—0.8 g) were applied to the
foundation.

Table 1 The maximal tensile stress at the slope crest for different
frequencies

Frequency (Hz)  Coordinates (v, y)  Maximal tensile stress (Pa)

f=02 (0.45, 1.7) 9.343363E5
f=05 (0.45, 1.7) 3.737345ES
f=10 (0.45, 1.7) 1.868673E5
f=15 (0.36, 1.7) 1.245782E5
f=10 (0.45, 1.7) 1.868673E4
f=15 (0.36, 1.7) 1.245782E4

Localization the ECR

To avoid repetition only a theoretical analysis focused on the
dynamic response of the uniform mudstone prototype slope
was carried out and compared with the experimental results.

Following the previous discussion and considering a verti-
cal sinusoidal acceleration loading, the principle tensile stresses
of the mudstone slope crest were calculated with (2) and (4), for
different frequencies. The values are given in Table 1 that the
maximum tensile stress on the crest is positioned at x = 36 m
and x = 45 m. So there are two potential dangerous points on
the crest. Hence, the boundary point could be x = 36 m. The
observed amplification effect near the slope crest in experiment
could accelerate the development of a failure surface near the
point (x = 0.334 m,y = 1.7 m).

Detecting Potential Sliding Surface in the ECR
From Fig. 4 and Table 2, the explicit seismic motion synthe-

sis functions of the characteristic point H; could be obtained
as follows:

Fi(t) = —f(t — 3)T3sin B,

—f(t — t4)T4cos (a1 + f,5) (6)
—f (t — t5)Ts cos fiy,; — f (t — 16) Te sin ay,
Fy(ty=f(t—t)Ty —f(t—1)T>
- t4) T4 sin (al + ﬁlpx) (7)

—f(t = 13)T5 cos By, +f(t
(

+f (¢t — t5)Ts sin By, +f(t - tﬁ)Tﬁ cos

An example for the current slope model, n = 4, is con-
sidered here. With the stress analysis on the slope point, two
orthogonal lines can be drawn: one through the dangerous
point of the crest in a vertical direction and one through the
toe of the slope along a horizontal direction, respectively.
The effective computing region will be the region (abcd)
(see Fig. 5) enclosed by these two straight lines and the free
surfaces.
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Fig. 4 Assessment of seismic waves for a homogeneous mudstone
slope

Table 2 Path, arrival time and transfer coefficients for all the waves
through point H,

No. Incident wave  Path  Delay time  Transfer coefficient
1 P, P t T, =1

2 P, PP t T, =-1

3 P, PPP I3 T3 = RippRopp

4 P; PS ty T4 = Rips

5 Py PPS Is Ts = RippRops

6 Ps PP ts T6 = Ripp

There are four parallel horizontal surfaces for theoretical
analysis in the effective computing region. The dangerous
points on four analytical surfaces can be obtained by comput-
ing the dynamic response. The coefficients of amplification for
the PGA of surface 1 are given in Fig.6, which also shows the
maximum coefficient of amplification for a PGA at different
excitation frequencies. Figure 6 shows that the dangerous
point is shifting closer to the free slope surface for larger
frequencies. The acceleration amplification factor changes
rapidly near the point (x = 0.63 m), which points to the
possible sliding location of the slope. Hence, the initiation of
cracks may occur in the region x( 0.38m, 0.63m).

Similarly, the probable dangerous points in other hori-
zontal analytical surfaces can be obtained, as shown in
Table 3. All the potential sliding surfaces for different
frequencies of excitation are situated within the dangerous
region bounded by the polygon (aedfgl), as shown in Fig. 5.
During the process of shaking table test, the tiny cracks is
observed in the middle crest of the slope firstly, Fig. 7 shows
cracks at the toe and crest of the homogeneous mudstone
slope model induced by an increasing acceleration ampli-
tude and frequency. The results also can be investigated by
analyzing the time-history variation of the displacement
vector of slope.

Ay al ¢ Unit: cm
|
B \: 37.
i'| F
L) \ Surface 37
s Y |
T Y 150

37.

o~ "saguns® Y 37

o
Surface

X
—

---.- Effective computing region (aedc)

Potential dangerous region obtained from

theoretical simulation

== = Potential sliding surface obtained from
theoretical simulation

=»==: Potential sliding surface obtained from
experiment

Fig. 5 The potential sliding zone and surfaces obtained from
theoritical simulations (n = 4) and observed sliding surface after the
experiment

Time-History Analysis of Displacement Vector

The time-history variation of displacement vectors can be
employed to discuss the potentially unstable region and
potential sliding surface of the rock slope under seismic
excitation when the effective computing region is deter-
mined. The Snell-law could be employed to compute the
incident and the reflected angles of seismic waves, the dis-
placement vector function of rock slope.

Considering a sinusoidal acceleration with a frequency of
15 Hz and a peak acceleration of 0.3 g were applied to the
foundation. According to the previous analysis, the time-
history displacement vector function for uniform rock
slope could be evaluated directly. Figure 8 shows the varia-
tion of displacement vector of the meshed points at t = 3 s,
5 s. The dangerous region (composed of the points with
relatively large displacement according to the time-history
analysis) is marked with dotted lines. From the time-history
analysis, the displacement vectors (horizontal component) of
the points in middle crest and the toe of the slope is relatively
larger than that of other points (see Fig. 8). Comparing Fig. 5
with Fig. 8, it should be noted that the initializing fracture
and the potential sliding surface are located in the effective
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Fig. 6 The vertical coefficients of amplification for PGA at surface 1 for different frequencies

Table 3 The Probable dangerous region of all analytical surfaces for
f(1.0Hz, 15Hz)

Dangerous region (m)

Slope crest x(0.36, 0.45), (y = 1.70)
Surface 1 x(0.38, 0.63), (y = 1.325)
Surface 2 x(0.40, 0.70), (y = 0.95)
Surface 3 x(0.52, 1.27), (y = 0.575)
Surface 4 x(1.05, 1.50), (y = 0.20)

computing region proposed in section “Establishment of the
effective computing region” previously.

The results obtained by time-history analysis are in accor-
dance with the experimental results and the theoretical sim-
ulation results. It is also investigated that the method for
determining the effective computing region (boundary) with
stress analysis is valid for slope stability analysis based on
the seismic wave theory.

Conclusions

Based on the above findings, some conclusions can be
made:

1. The effective computing region is determined to help to
analyze the dynamic response of a homogenous slope on
the impact of seismic waves. It is based on the theory of
elastic mechanics and the principle of seismic wave prop-
agation and can save on computation costs.

2. Both the tension damage criterion and the principle of the
coefficient of amplification for a PGA are employed to
judge the initial failure of the slope crest under seismic
loading. The theoretical simulation results are consistent
with the experimental results.

Fig. 7 Cracks in the mudstone slope model (a) toe of slope (b) crest of
slope
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Fig. 8 Distribution of displacement vector in slope at (a) = 3 s, and
(b)5s

3. The critical slip zone could be determined efficiently,
making use of the seismic wave theory. The position of
the potential sliding surface is closely related to the
frequency of the seismic waves. With increasing fre-
quency, the location of the sliding surface will shift closer
to the free slope surface and the damaged volume of rock
decreases. A decreasing frequency will induce deeper slip
surfaces with more damage.

4. The preliminary theoretical investigation for the initiation
of landslide proposed in this paper is meaningful for land-
slide prevention and control. The remedial work for a
potential landslide must be focused on the initiation stage.
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